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Summary 
Summary 
Manganese doped zinc oxide is a promising candidate for opto-electronic devices. In 
this project, Zn1-xMnxO nanorods and thin films were fabricated by hydrothermal and 
rf magnetron sputtering methods respectively. Zn1-xMnxO is expected to show 
ferromagnetic and improved optical properties due to the incorporation of Mn. The 
magnetic properties of Zn1-xMnxO derived from different routes have been studied, and 
different magnetic behaviors have been reported. In this study, efforts were put into the 
fabrication of the Zn1-xMnxO nanorods and thin films as well as their optical properties. 
Hydrothermal growth and sputtering technique belong to chemical and physical routes 
respectively. The former one is a quasi-equilibrium process while the latter one is of 
non-equilibrium. The resultant structures and properties via these two routes are 
studied and compared. 
The growth conditions of both methods showed different effects on the morphologies 
of Zn1-xMnxO structures. In the hydrothermal growth, the ZnO buffer layer grown 
before the nanorods played an important role in controlling the density and diameters 
of the nanorods, but the Mn concentration in ZnO did not change the hexagonal 
morphology. However, in the sputtering, the Mn doping level, oxygen partial pressure, 
and the growth temperature all had nontrivial influence on the morphology of the 
deposited thin films, i.e. the grain size and the surface roughness. The XRD spectra for 
the Zn1-xMnxO nanorods and thin films showed a peak shift, solidifying the fact that 
manganese was successfully doped into the ZnO lattice.  
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Summary 
UV-Visible (UV-Vis) absorption and photoluminescence (PL) measurements were 
applied to study the optical properties of the nanorods and thin films. The low 
temperature PL was also used to further understand the detailed optical properties for 
hydrothermally grown nanorods. Some changes of the PL and UV-Vis absorption 
spectra were observed due to the introduction of Mn into ZnO, consistent with the 
structural characterization. 
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CHAPTER 1                                                                                                                                                 Introduction 
1.1 Zinc Oxide  
Zinc oxide (ZnO) has been discovered then widely studied since 1935 [1]. The 
renewed interest is fueled by the availability of high-quality substrates and the 
development of growth technologies for the fabrication of high quality single crystals 
and epitaxial layers, allowing the realization of ZnO based electronic and 
optoelectronic devices. Furthermore, the reports of ferromagnetic behavior when 
doped with transitions metals also helped raise renewed interest. 
With a wide bandgap of about 3.3 eV and a large exciton binding energy of 60 meV at 
room temperature, ZnO is important for blue and ultra-violet optical devices [2]. Some 
of these optoelectronic applications of ZnO overlap with those of GaN, another wide 
band gap semiconductor (Eg = 3.4 eV at 300 K) which is currently widely used for 
production of optoelectronics devices. However, ZnO has several advantages over 
GaN, the most important being its larger exciton binding energy and the ability to be 
grown on single crystal substrates. ZnO can also be grown via much simpler growth 
technologies, leading to a much lowered cost for ZnO-based devices.  
1.1.1 The Structure of Zinc Oxide 
Most of the II-VI binary compound semiconductors crystallize in either cubic zinc-
blende or hexagonal wurtzite structure, where each anion is surrounded by four cations 
at the corner of a tetrahedron, and vice versa. This tetrahedral coordination is an 
indicator of sp3 covalent bonding, but these materials also possess a substantial ionic 
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character. ZnO is an II-IV compound semiconductor whose ionicity lies at the 
borderline between covalent and ionic semiconductor. There are three phases of ZnO, 
i.e. wurtzite (B4), zinc blende (B3), and rocksalt (B1), as shown in Figure 1.1. At room 
temperature and ambient pressure, crystalline ZnO is in the wurtzite structure. The 
zinc-blende structure can be achieved only by growth on cubic substrates, and the 
rocksalt structure may be prepared at relatively high temperatures.  
Rocksalt (B1) Zinc blende (B3) Wurtzite (B4) 
 
(a) (b) (c) 
Figure 1.1 Ball and stick representation of ZnO crystal structures: (a) cubic rocksalt 
(B1), (b) cubic zinc blende (B3), (c) hexagonal wurtzite (B4). The shade gray and 
black spheres denote Zn and O atoms, respectively [2] 
The wurtzite structure is a hexagonal lattice, which belongs to the space group P63mc, 
and it has two lattice parameters, a and c, in the ratio of c/a = 8/3 =1.633 for an ideal 
wurtzite crystal. A schematic representation of the wurtzitic ZnO structure is shown in 
Figure 1.2. The structure comprises two interpenetrating hexagonal-close-packed (hcp) 
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sub lattices, each of which is composed of one type of atom displaced with respect to 
each other along the threefold c-axis by the amount of u=3/8=0.375 (in an ideal 
wurtzite structure) in fractional coordinates. The u parameter here is defined as the 
length of the bond parallel to the c axis, in units of c. Each sub lattice comprises four 
atoms per unit cell and every Zn atom is surrounded by four O atoms, or vice versa, 
which are coordinated at the edges of a tetrahedron. In a real ZnO crystal, its structure 
deviates from the ideal arrangement by changing the c/a ratio or the u value. For the 
wurtzite ZnO, experimentally, the lattice constants at room temperature mostly range 
from 3.2475 to 3.2501 Å for the a parameter and from 5.2042 to 5.2075 Å for the c 
parameter [2, 18]. The real values of u and c/a were determined in the range u = 
0.3817 to 0.3856 and c/a = 1.593 to 1.6035. 
Figure 1.2 A schematic diagram of the wurtzitic ZnO structure [2] 
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and ionicity. It has been reported that free charge is the dominant factor responsible for 
expanding the lattice, which is proportional to the deformation potential of the 
conduction band minimum and inversely proportional to the carrier density and bulk 
modulus [10]. Besides, it is also influenced by point defects such as zinc interstitials, 
oxygen vacancies, and extended defects, such as threading dislocations [11]. 
1.1.2 The Properties of Zinc Oxide 
1.1.2.1  Electrical Properties 
As a direct and large-band-gap material, ZnO has been attracting a lot of attention for 
various electronic and optoelectronic applications. Advantages related with a large 
band gap include high breakdown voltages, ability to sustain large electric fields, low 
noise generation, and high-temperature and high-power operation. However, the 
electrical properties of ZnO are difficult to quantify due to large variance of the quality 
of samples available. The background carrier concentration varies greatly according to 
the quality of the layers but is usually around 1016cm-3. The largest reported n-type 
doping is around 1020 electrons/cm3, and the largest reported p-type doping is around 
1019 holes/cm3. However, such high level of p-type doping is questionable and has not 
been experimentally verified yet. The exciton binding energy is 60meV at 300K, and is 
one of the reasons why ZnO is so promising for optoelectronic device applications. 
The electron Hall mobility (μ) at 300K for low n-type conductivity is 200 cm2V-1s-1, 
and for low p-type conductivity is 5-50 cm2V-1s-1. 
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However, the growth of stable p-type-conductivity ZnO crystals remains a problem 
currently, which will potentially impact the applications of ZnO into the world of 
optoelectronic devices. In spite of the progress that has been made and the reports of p-
type conductivity in ZnO using various growth methods and various group-V dopant 
elements, a reliable and reproducible high quality p-type has not been achieved for 
ZnO. Because ZnO with a wurtzite structure is naturally an n-type semiconductor due 
to a deviation from stoichiometry in the presence of intrinsic defects such as O 
vacancies (Vo) and Zn interstitials (Zni), p-type dopants can be compensated by these 
low-energy native defects. 
1.1.2.2  Optical Properties 
Zinc Oxide is transparent to light in the visible region with a sharp cut-off in the UV 
region. This region corresponds to the wavelength region from 0.3-2.5μm [5]. This 
indicates that it is transparent to visible light but absorbs ultra-violet light. The typical 
optical transmittance deposited under optimum conditions is 90% [4]. This feature and 
a refractive index of 2.0 allow ZnO to be used as a white pigment in the paint industry 
[3]. Zinc Oxide can be doped with other elements to improve its electrical and optical 
properties.  Dopants that have been studied for their effects on the optical properties of 
ZnO include Al, In, Mn, and Pb. In general, doping with different donors produces 
broadening of the UV emission peak, but the peak shift is dependent on the dopant [4]. 
Since both un-doped and doped ZnO can exhibit different optical properties dependent 
on the fabrication conditions, it is difficult to establish how the properties will change 
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after doping. New emission peaks may be observed when synthesis condition is 
modified; most importantly, a red shift of the near band-edge emission is expected 
when the carrier density significantly increases. Mn doping was found to quench green 
emission [6], although other studies reported reduction in both UV and defect emission 
[7]. Very similar spectra of ZnO and Mn-implanted ZnO were observed after 
annealing an implanted sample at 800ºC [8]. A similar UV-to-green emission ratio has 
been observed in un-doped and Mn-doped ZnO [9]. Obviously, the change in the 
optical properties is strongly dependent on the method of incorporation of Mn, 
fabrication conditions, and properties of un-doped ZnO fabricated under similar 
conditions.  
1.1.3 Applications of Zinc Oxide 
High quality bulk and epitaxial ZnO thin films as well as ZnO nanostructures have 
been synthesized by various methods. This opens the door to the fabrication of novel 
devices for the use in optoelectronics and nano-electronics, such as sensors, detectors 
and switches [10].  
One of the devices with the greatest potential for commercial impact is a light emitting 
diode (LED) in the UV region. The production of thin-film-based UV LEDs has 
already been successful [11]. An example is the report from Ryu et al.[14] of the 
fabrication of a ultraviolet laser diode based on layered ZnO/BeZnO films, which were 
pressed to form a multiple quantum well (MQW). The n-type layers were Ga-doped 
ZnO/BeZnO films and As-doped ZnO/BeZnO films as p-type layers. More recently, 
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the same group also demonstrated the fabrication of a ZnO UV/visible LED [13] by 
combining a UV LED with phosphors to produce light covering the whole visible 
color spectrum. 
p-type ZnO nanowires have been possible [12]. This p-type doping, together with the 
growth of vertical arrays of nanowires, enables the fabrication of LEDs with a large 
junction area, which in turn translates to higher efficiency. Lasers based on the 
cylindrical geometry nanowires could also serve as high-efficiency light sources for 
optical data storage and imaging. 
A ZnO based field effect transistor (FET) has been made using single nanobelts [15, 
16]. The principle of this device is that adjusting the gate voltage would control the 
current flowing from the source to the drain. The production of these FETs using 
nanobelts has allowed the exploration of physical and chemical properties of the 
nanostructures. Arnold et al. [17] has demonstrated the fabrication of nanoscale FETs 
using SnO2 and ZnO nanobelts as the FET channels.  
ZnO also presents suitable characteristics in the development of gas sensing devices 
(metal oxide sensors, NO2, CO, H2, NH3) [11]. A recent report is the fabrication of a 
low-temperature hydrogen sensor based on Au nanoclusters and ZnO films [18]. 
Moreover, Moreira et al. have shown with numerical calculations and experiments the 
good sensitivity of ZnO to the mass loading effect through a high electromechanical 
coupling coefficient and temperature compensation [19]. Because ZnO is a bio-safe 
and biocompatible material, it can be used for biomedical applications. Nanosensors 
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based on nanobelts have the potential for implantation in biological systems and may 
be unique in detecting single cancer cells and measuring pressure in a biological fluid 
[12]. 
Finally, the piezoelectricity of ZnO leads to the fabrication of vibrational sensors and 
nanoresonators which can be used to control the tip movement in scanning probe 
microscopy; nanogenerators, which can be used in the construction of wireless sensors, 
implantable biomedical devices and portable electronics. Wang and Song [20] have 
demonstrated an approach to converting mechanical energy into electric power using 
aligned ZnO nanowires. These piezo-based nanogenerators have the potential of 
converting mechanical, vibrational, or hydraulic energy into electricity for powering of 
nanodevices. 
1.1.4 Doping of Zinc Oxide 
One of the big challenges in ZnO research is the doping of impurities. ZnO occurs 
naturally as n-type with reported concentrations from ~1016 to 1018cm−3 in typical 
high-quality material [15]. The origin of the n-type conductivity is controversial in 
both theoretical and experimental studies. From photoluminescence and annealing 
experiments, Look et al. [15] have concluded that group-III elements (Al and Ga) are 
the most prevalent donors in ZnO. Hydrogen can also be present and is believed to be 
a shallower donor. Van de Walle [16] also assigned H as one of the principal 
candidates for the n-type dopant based on first principles, density-functional 
calculations. Walle [16] showed that the hydrogen occurs exclusively in the positive 
                                                                                        9 
CHAPTER 1                                                                                                                                                 Introduction 
charge state, thus, it always acts as a donor in ZnO. Native defects (O vacancies and 
Zn interstitials) have also been suggested as possible n-type dopants. 
Zhang [17], by theoretical calculations, showed n-type doping due to zinc interstitials. 
As in a shallow level, the zinc interstitial supplies electrons; the low formation energy 
of this defect allows it to be abundant as well. Conversely, native defects that could 
compensate the n-type doping have high formations energies under zinc-rich growth 
conditions so the presence of “electron killers” would be rare. The oxygen vacancy 
(VO) has been found to be a deep donor [15, 17], and it is unlikely to be responsible for 
free-electrons concentrations of the order of 1017 cm−3 or higher. 
Different levels of n-type doping and p-type doping have proven extremely difficult to 
produce due to stability issues and compensation by low-energy native defects. Most 
of the attempts to produce p-type ZnO have employed N as the acceptor. Nitrogen is a 
natural choice for an acceptor dopant since it has about the same ionic radius as that of 
O, and thus it can be placed in a substitutional oxygen site [15]. The effort to produce 
p-type ZnO can also be affected by the presence of H, being a donor in ZnO by 
compensating the acceptors [18]. In addition to N0 (Nitrogen on an oxygen site), other 
possible candidates for acceptors are P0 (Phosphorus on an oxygen site) and As0 
(Arsenic on an oxygen site) and other group-V elements. Production of p-type ZnO 
using P and As has been experimentally successful [8]. Finally, from the group I 
elements, Li, Na, K on Zn sites are also candidates for p-type doping. One of the 
important observations is that of a p-type ZnO thin film by using two acceptors, Li and 
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N; the film being a stable and low-resistivity material [7]. However, as for the group-V 
elements, further studies are necessary. In the case of nanostructures, no reports on p-
type ZnO were published until Xiang et al. [13] reported for the first time the synthesis 
of high-quality p-type ZnO nanowires. These were grown using chemical vapor 
deposition with phosphorus pentoxide as the dopant source, and a mixture of ZnO, 
zinc and graphite powders. The bulk production of high quality p-type ZnO would 
open great opportunities for the fabrication of ZnO-based UV diode devices. 
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1.2 ZnO-based Diluted Magnetic Semiconductors 
Diluted magnetic semiconductors (DMS) are semiconducting alloys whose lattice is 
made up in part of substitutional magnetic atoms. Usually the magnetic moments 
originated from the 3d or 4f open shells of transition metal or rare earth elements. In 
contrast to magnetic semiconductors, DMS offer the possibility of studying magnetic 
phenomena in crystals with a simple band structure and excellent magneto-optical and 
transport properties. To find the proper material system to incorporate spin into 
existing semiconductor technology, one has to resolve major challenges in this field 
which have been addressed by both experiment and theory, including the optimization 
of electron spin lifetimes, the transport of spin-polarized carriers coherently across 
certain length scale and hetero junction, manipulation of the spin-polarized carriers. 
The ternary nature of III-V and II-VI-based DMS allows the possibility of “tuning” the 
lattice and band parameters by varying the composition of the material. Because of the 
tunability, this type of alloy is an excellent candidate for the preparation of quantum 
wells, super lattices, and other configuration involving band-gap engineering. From 
experiments and theory, DMS quantum wells and super lattices have been proved to be 
able to transport spin-polarized electron very efficiently [21]. The technology of 
growing these semiconductors allows for tuning their magnetic properties not only by 
an external magnetic field but also by varying the band structure and/or carrier, 
impurity and magnetic ion concentrations. The techniques developed for 
semiconductor hetero structures enable the incorporation of DMS layers into 
transistors, quantum wells and other electro-optical devices in which the spin splitting 
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can also be tuned by the confinement energy and the size quantization [22]. 
The most challenging task for applications is to find diluted magnetic semiconductors 
that would operate at room temperature. A variety of theoretical approaches have been 
carried out to determine which material system is suitable for room temperature DMS. 
The basic model employs a virtual crystal approximation to calculate the effective spin 
density due to the transition metal ion distribution. The Curie temperature for a given 
material with specific transition metal ion concentration and carrier density is 
determined by the competition between the ferromagnetic and anti-ferromagnetic 
interactions. 
Various growth methods have been developed to achieve both diluted magnetic III-V 
and II-VI semiconductor bulk crystal and films. It is noted that the solubility of the 
magnetic ions in III-V compounds is very low compared to in II-VI compounds, 
usually about 1017 cm-3 [23]. Beyond this limit, phase segregation will occur.  
Diluted magnetic II-VI semiconductor thin films are among the earliest studied DMS 
film structures. Furdyna [21] has given a comprehensive review on II-VI DMS. 
CdTe/CdMnTe super lattices were successfully grown on (100) and (111) GaAs 
substrates with a thick CdTe buffer layer to avoid lattice mismatch [24, 25]. ZnSe-
based super lattices were also grown on GaAs [26], while ZnTe-based systems prefer 
better lattice matched GaSb substrates [27, 28]. Great progress has also been made on 
other DMS such as diluted magnetic IV-VI semiconductors (Pb1-xMnxTe [29], Pb1-
xMnxSe [30], Pb1-xEuxTe [30]) and magnetic semiconductors such as Mn-VI [31], Mn-
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V [32], and Eu-VI [33]. Recent research shows some of these material systems can be 
room temperature ferromagnetic, i.e. (Cd,Mn)GeP2 [34], (Zn,Mn)GeP2 [35,] and (Co, 
Ti)O2 [36], however in the aspect of applications, they are of minor importance due to 
the large lattice mismatch with commonly used semiconductor substrates and the thick 
buffer layer are usually required. 
In the DMS studies, Mn doped ZnO has also been intensively reported during the past 
years, and it has been predicted to be ferromagnetic at room temperature. Mn doped 
ZnO has been fabricated by many groups so far [37-40] including Mn doped 
nanocrystalline film, tubes, nanorods, mutileg nanostructures, nonobelt, and tetrapods. 
However, the magnetic properties of the Mn doped ZnO are strongly dependent on the 
fabrication conditions. Both ferromagnetism and parramagnetism were reported in Mn 
doped ZnO. While so far, much of the attention has been spent on the magnetic study 
of Mn doped ZnO, the optical properties have not been studied very well. However, 
the successful industrial applications of Mn doped ZnO in the opto-electronics require 
the study in both the magnetism and optical properties. Therefore, the aim in this 
project was to study the optical properties of Mn doped ZnO, as well as its fabrication.  
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2.1 Fabrication Methods  
As introduced in the previous chapter, many methods have been applied for obtaining 
ZnO bulks, nanostructures or thin films. The methods to grow ZnO bulk crystals include 
hydrothermal [1, 2], vapor phase [3, 4], and melt growth [5]. The ZnO thin films were 
mainly deposited by molecular beam epitaxy (MBE) [6, 7], metal-organic chemical vapor 
deposition (MOCVD) [8, 9], chemical vapor transport [10, 11], pulsed laser deposition 
[12, 13]. Fabrication of ZnO nanostructures was mainly carried out by vapor-liquid-solid 
growth method [14, 15]. In this project, both chemical (hydrothermal method) and 
physical (radio frequency sputtering method) routes were used to fabricate manganese 
doped ZnO. The former one, which leads to highly crystalline i.e. wurtzite, was used to 
prepare MnO doped ZnO nanorods and the latter one was used to prepare its thin film 
structure.  
 
2.1.1 Hydrothermal Method 
Hydrothermal growth requires the use of aqueous solvents and mineralizers under 
elevated temperature and pressure in order to dissolve and recrystallize materials. The 
hydrothermal method has proved to be a promising alternative approach of mass 
production of semiconductor and oxide nanomaterials. This method could form hybrid 
nanostructured functional materials by assembling nanocrystals with other functional 
materials. 
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The typical features of the hydrothermal method include: (a) use of a closed high-
pressure growth vessel (autoclave); (b) a relatively lower processing temperature 
compared with other methods; (c) ΔT≈0 at the interface between the growing crystal 
and the solution, which is why the concentration of structural crystal defects is smaller 
that for melt-grown crystals; and (d) saturation of the solute while the seed crystal defects 
is already in contact with the under-saturated solution. 
Vaysseries et al. [16, 17] reported growth of ZnO microrod and nanorod arrays on various 
substrates with a solution of zinc nitrate hydrate (Zn(NO3)2) and hexamethylenetetramine 
(C6H12N4) at 90 °C. The growth was conducted by thermal decomposition of Zn2+ amino 
complex in aqueous solution [16]. At elevated temperature, hexamethylenetetramine was 
hydrolyzed into methanal (CH2O) and ammonia (NH3), which then forms amino complex 
with the metal ion. This process is essential to the synthesis because divalent metal ions (e.g. 
Zn2+, Cu2+, etc.) usually have low tendency on precipitation [19], which impedes the growth 
of nanostructures. 
Nanostructures like nanowires or nanorods synthesized by this method generally have short 
lengths and small aspect ratios. However, the anisotropy and morphology of the 
nanostructures can be modified by changing the synthesis parameters (e.g. concentration of 
reactants, [17] pH value, etc.). Its relatively low synthesis temperature (<200 °C) is a 
significant advantage over some other methods as it allows easy integration of the process 
into device fabrication, especially for organic optoelectronics where low temperature is 
essential. The major drawback of this method is that the crystal quality of the resultant 
nanostructures is relatively poor comparing to thermal evaporation methods. However, the 
crystal quality can be improved by annealing [18]. 
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2.1.2 Radio Frequency Magnetron Sputtering 
The magnetron sputtering source was invented at the beginning of 1970s [20]. This 
technique is now one of the most versatile methods widely used for the deposition of 
transparent conducting oxides. This technique is characterized by the following 
advantages [20]: 
• adhesion of films on substrates 
• high deposition rates  
• thickness uniformity and high density of the films 
• controllability and long-term stability of the process 
As mentioned above, the deposition rate in this technique is relatively fast, which 
therefore creates relatively large strains in the deposited films. Therefore, sputtering is 
categorized as a non-equilibrium process. Figure 2.1 is a diagram of a simplified 
sputtering chamber. A power supply is connected so that a low pressure gas is ionized by 
the voltage supplied to form plasma. The plasma is accelerated toward the target surface 
by the voltage where it collides with the atoms of the target. The kinetic energy of the 
ions is transferred to these atoms, some of which are ejected and drift across the chamber 
where they are deposited as a thin film on the substrate material. Still other impacts on 
the target surface produce secondary electrons [21]. It is these electrons that maintain the 
electron supply and sustain the glow discharge. The sputtering is usually performed at 
pressures of 10-6-10-3 Torr. To increase the ionization rate by emitted secondary electrons 
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even further, a magnet called planar magnetron is placed below the target in order to 
maintain the electrons by magnetic field effect. 
The basic feature of a magnetron discharge is the confinement of the plasma in front of 
the target (cathode). This is achieved by the combination of electric and magnetic fields 
[22]. The magnetic field strength is adjusted in such a way (about 50 to 200 mT) that the 
electrons are significantly influenced by the magnetic field while the ions are not. The 
electrons perform cycloidal orbits in the crossed electric and magnetic fields, leading to 
very high ionization efficiency. Therefore, magnetron discharges can be sustained at 
much lower pressures (<10−4 Torr) and/or higher current densities than the glow 









gas feed  basic experimental set-up for RF sputtering machine [20] 
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2.2 Characterization Methods 
2.2.1 X-Ray Diffraction (XRD) 
One of the most fundamental studies used to characterize the structure of materials is X-
ray diffraction. In the present study, a Bruker AXS D8 Advance X-ray Diffractometer is 
employed. In the X-ray source, fast moving electrons are bombarded at the target metal 
(usually Cu or Mo) to generate X-ray as well as heat upon the rapid deceleration of 
electrons. The X-ray used by the Bruker AXS D8 is generated from Cu. Generally, the 
electromagnetic radiation used in determining the sample structure is a hard X-ray with 
typical photon energies (Ephoton) in the range of 1 keV – 120 keV, where its corresponding 
wavelength (λ) is comparable to the size of atom, according to Ephoton and λ relationship 
as elaborated in the following equation. In this study, a Kα line with λ of 1.5406 Å was 
acquired, which corresponds to Ephoton of 40 keV. 
Ephoton = hc/λ          
Where h is Plank’s constant and c is the speed of light. 
XRD works on the principle that waves interacting with atomic planes in a material to 
form a diffraction pattern that is characteristic to the material’s structure. A schematic of 
the diffraction process is shown in Figure 2.2. X-rays incident on a sample are scattered 
off at an equal angle. At most of the incident angles (θ ≠ θB), X-rays scattering off of 
neighboring parallel planes of atoms interfere destructively. At certain angles (θ = θB), 
these waves will interfere constructively and result in a large output signal at those angles. 
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These constructive interferences occur when the path length difference is an integer 
multiple of the X-ray wavelength, or when the Bragg condition is met for these X-rays, 
given by the Bragg’s Law: 









Figure 2.2 A schematic diagram of the experimental geometry of X-ray diffraction 
To identify the phases formed in a sample, XRD patterns and their intensity ratios are 
compared with the corresponding powder diffraction file (PDF), a database consisting of 
information on peak positions as well as relative intensity of many materials. By 
checking the consistency of peak positions with PDF, the type of phases formed in the 
film can be confirmed; while the relative peak intensity in the spectrum gives an 
indication on the film orientation. 
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2.2.2 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy (AFM) provides quantitative topographic images of film 
surfaces (see Figure 2.3). A DI Nanoscope IIIa Multimode Scanning Probe Microscope is 
used to study the surface profiles in this project. This imaging technique probes the film 
surface with the aid of a force probe (tip) loaded on a cantilever. It has the potential for 
atomic resolution of 0.1-0.2 nm (lateral), and 1 nm (vertical). A non-contact dynamic 
imaging mode (tapping mode) is adopted in this study. In this mode, an attractive force 
between the tip and film surface, which increases as the tip is brought nearer to the  
Signal of Deflection Deflection 
Sensor 
Figure 2.3 A schematic diagram of an Atomic Force Microscope [23] 
Lock-in 
Amplifier 
Setpoint of Amplitude/Phase Computer/
Electronics 
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surface, is detected. This attraction causes a change in driving frequency, which is near to 
the resonant frequency of the tip, and the change is detected by deflection sensor and then 
analyzed by a lock-in amplifier technique. The feedback circuit in the system then 
monitors either amplitude of deflection or phase shift difference between the deflection 
sensor signal and original driving signal. The sample is adjusted in z-direction to 
maintain a constant in deflection amplitude/phase shift. The movement in z-direction is 
recorded and a three-dimensional imaging of the sample surface is hence realized. 
2.2.3 Scanning Electron Microscopy (SEM) 
FEI XL-30 Scanning Electron Microscope (SEM) with Field-Emission Gun (FEG) was 
used in the study of surface morphology as well as film thickness measurement of 
samples in this project (see Figure 2.4). SEM is one of a few imaging techniques that 
provides high resolution and large depth of field simultaneously [24]. An electron beam 
with energy ranging from few hundred eV up to 50 keV is focused by condensing lenses 
into a very fine focal spot of ~5.0 nm on a conducting sample surface. Penetration of the 
primary 
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Electron gun 
Figure 2.4 A schematic diagram of a scanning electron microscope [25] 
 
electron beam into the sample depends on the electron energy and atomic number of 
elements in the sample. The incident electrons then interact and exchange their energy 
with the atoms in the sample. Upon the interaction, electrons of a wide range of energies 
are emitted from the surface in the region near the incident beam. 
These electrons include backscattered primary electrons and Auger electrons, but the vast 
majority will be secondary electrons formed in multiple inelastic scattering processes. In 
the imaging mode, where surface morphology is of interest, the secondary electrons with 












Detector & Amplifier 
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generated within a few nm from the surface manage to travel out of the film surface. The 
signal is collected by a detector, which is then amplified and rendered into a two-
dimensional intensity distribution that can be viewed as a digital image. 
To obtain a two-dimensional image of the film sample surface, the primary beam raster-
scans the sample surface with the aid of a series of scan coils. Upon bombardment by the 
primary electron beam on the film surface, more electrons can “escape” from a steep 
surface and edge than from a flat surface that is perpendicular to the beam; the surface 
morphology can therefore be imaged with good contrast. 
 
2.2.4 Photoluminescence 
Photoluminescence (PL) corresponds to the luminescence resulting from the transitions 
of energy states in the material excited by electromagnetic radiation. When a material is 
irradiated by light with significant energy, photons are absorbed and electrons are excited 
to higher energy levels (excited states). Eventually, the electrons return to the lower 
energy states (equilibrium states), and the excess energy is released as photoluminescence 
(see Figure 2.5) or non-radiatively (e.g. phonons). A laser is often used as an excitation 
source as it has sufficient energy. The photoluminescence signal emitted from the 
specimen is captured by a lens system and directed to a spectrometer/photo detector for 
analysis (as shown in Figure 2.6). The energy of the light emitted (PL emission) relates to 
the energy difference between energy levels in a material. PL is useful in determining the 
band gap of materials, as transitions between states in the conduction band and valence 
band is commonly observed. Also, other physical qualities of the material can be 
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determined. For example, PL emission can involve the transitions between defect or 
impurity levels in the material. The amount or degree of defects/impurities present in the 







Figure 2.5 A schematic diagram of the processes occurring during photoluminescence in 
a solid  
 
                                                                                        29 





Lens system Specimen 
Figure 2.6 A basic experimental set-up for photoluminescence measurement 
 
2.2.5 Ultraviolet-Visible Absorption Spectroscopy 
When an incident light beam reaches a medium, part of the beam will be reflected by the 
medium, part of the beam will be transmitted through the medium, and the rest of the 
beam will be absorbed. Absorption of photons arises due to the transition of the electrons 
from lower energy levels to the higher energy levels. The absorption ability of a material 
is measured by its absorption coefficient. Absorption coefficient α of a uniform medium 
can be defined in terms of the intensity change of a monochromatic light beam in unit 
distance that the beam traveled in the medium, The optical absorption coefficient α is 
defined as 
I = I0exp(-αd) 
where I is the intensity of the transmitted light, I0 is the incident light  and d is the 
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thickness of the film. The optical band gap (Eg) was calculated using the value of α in the 
following equation for direct band gap semiconductors: 
1/2α(hν)=A(hν-Eg)
where h is Planck’s constant, and ν is the frequency of the incident photon,  and A is a 
An absorption spectrometer (or transmission spectrometer) is generally composed of one 
 
constant, independent of the frequency. 
(or two) monochromator, a continuous light source, and a photomultiplier. Figure 2.7 
shows the optical system arrangement of the absorption spectrometer used in this work. 
The spectrometer is equipped with two continuous light sources -- a W lamp for ensuring 
transmittivity in the visible range (from 1000 nm to 320 nm) and a deuterium lamp for  
the measurement in ultraviolet range (from 320 nm to 200 nm). The light beam is first 
split into a monochromatic one by the pre-monochromator, then onto the sample. A main 
monochromater is also installed in order to increase the measurement resolution. After 
the transmitted beam passes through the main monochromater, its intensity is measured 
by the photomultiplier and recorded by the computer. It should be noted that reflectivity 
is not always negligible and the contribution from reflection is also added into the final 
data. The data obtained from absorption spectrometer is not the absorption coefficient, 
but its product with the sample thickness d. To obtain the value of absorption coefficient, 
d must be known. 
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Grating 2 Mirror 1 
WI 
lamp 
Figure 2.7 A schematic diagram of a UV-visible spectrometer [26] 
 
2.2.6 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique for 
surface analysis, which is based on the photoelectric effect. The elemental composition, 
chemical states, electronic states and so on within a material can be examined by it. 
As shown in Figure 2.8 , when a beam of monochromatic X-ray incidents on the sample, 
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the difference in energy between that of the incident photon (hυ) and the energy require 
to remove the electron from the sample (Eg). The kinetic energy is converted into binding 
energy through use of the following equation: 
BE = hυ – KE - ΦD
Ejected K electron 
   (1s electron) 
Figure 2.8 A schematic diagram of XPS processes [27] 
where BE is the binding energy of the atomic orbital from which the electron originates, h 
is Planck’s constant, υ is the frequency of X-ray probe beam, KE is the kinetic energy of 
the photoelectron and ΦD is the work function of the detector. Spectra are traditionally 
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Figure 2.9 A schematic diagram for a XPS system [27] 
The XPS instrument, as shown in Figure 2.9, consists of a X-ray source, an electron 
detector (which counts the number of electrons), an electron energy analyzer (which 
measures the kinetic energy of the photoelectrons), and a high vacuum system (which 
enable the emitted photoelectrons to be analyzed without interference from gas phase 
collisions). 
In practice, XPS can detect all elements except Hydrogen (H) and Helium (He). Each 
element produces a unique set of XPS peaks at characteristic binding energy values. 
Hereby a wide scan XPS spectrum is used to identify the elements (up to 0.1 at%) in the 
material. The high resolution XPS (elemental scan) spectrum provides information (such 
as peak position, peak area and so on) for analysis of the chemical states, electronic states 
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 Zn1-xMnxO nanorods with different doping levels of Mn were grown by hydrothermal 
method on silicon (for morphology, structur
(for UV-Visible ts of different 
growth conditio of resultant 
nanorods, and those of different manganese concentrations in the ZnO crystal are studied 
and discussed in this chapter. 
3.1 Sample Pre tio
In this project, systematic research was conducted to investigate the effect of different 
factors in the hydrothermal preparation on the structures and morphologies and further on 
the properties of the Zn1-xMnxO.  
Platinum lined stainless steel autoclaves were used as reaction vessel in the experiments. 
All the reagents used in the experiments were in analytical grade and used without any 
further purification. Zinc nitrate hexahydrate [Zn(NO3)2·6H2O, >99.0%], from 0.02 M to 
0.15M, and manganese acetate tetrahydrate [Mn(CH3COO)2·4H2O, >99.0%] from 0.002 
M to 0.015 M were used as the precursors for Zn and Mn in Zn1-xMnxO respectively. 
Hexamethylenetetramine (HMTA, C6H12N4, >99.0%) from 0.05 M to 0.15 M was also 
used, although the function of which is still under debate. To some extent, HMTA is 
known to hydrolyze, producing formaldehyde and ammonia in the pH and temperature 
range of the hydrothermal reaction [1]. In this case, HMTA works as pH buffer which 
slowly decomposes to provide a gradual and controlled supply of ammonia [2, 3], 
generating a moderate basic condition by slightly increasing the pH value of the solution 
through following reaction [4], 
e and photoluminescence study) and quartz 
 absorption measurement) substrates respectively. The effec
ns on the structures, morphologies, optical properties 
para n 
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(NH2)6N4 + 6H2O → 4NH3 + 6HCHO 
3 2
And in the presence of OH
NH  + H O → NH 4+ + OH−
Zn(NO3)2·6H2O + 2 OH− → Zn(OH)2 + 2 NO3-+ 6 H2O 
2 + 2 CH3COO -
2 2 1-x x 2
al growth of Zn1-xMnxO, ZnO buffer layers with different 
thickness were grown first on the Si substrate by sputtering deposition for durations: 10 
sec, 20sec, 40 sec, 1min and 2min, respectively. The deposition was performed at 600 °C, 
depositing ZnO buffer layer on the substrate, hydrothermal growth of Zn1-xMnxO was 
3 2 2
3 2 2
transferred into a Teflon-cap-sealed autoclave, with a buffer-layer-grown substrate at the 
e autoclave was kept at 80 °C in the oven for 2 hours. 
−, the Zn(NO3)2·6H2O and Mn(CH3COO)2 will turn to Zn1-
xMnxO according to the following equations, 
Mn(CH3COO)2 + 2 OH− → Mn(OH)
(1-x) Zn(OH)  + x Mn(OH) ⎯⎯⎯⎯ →⎯ alHydrotherm  Zn Mn O + H O 
Before the hydrotherm
with a flow rate of Ar at 230 sccm (standard cubic centimeter per minute at STP). A ZnO 
buffer layer by other methods such as spin coating was also used by some groups [5]. The 
application of the ZnO buffer layer enables homogeneous and dense arrays of ZnO 
nanowires to be grown on arbitrary substrates under mild aqueous conditions [5]. After 
carried out by putting the substrate into a sealed vessel filled with growth solution. The 
growth solution was prepared by dissolving proper amount of Zn(NO ) ·6H O and 
Mn(CH COO) ·4H O with additional HMTA into proper amount of de-ionized water. 
The mixed solution was stirred for several minutes by a magnetic stirrer and then 
bottom in the autoclave. Then th
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The su wth solution, rinsed with de-ionized water 
and ethanol, and then dried. 
In the experiment, the structures, morphologies and properties of Zn1-xMnxO, of which x 
is a nominal composition in this thesis, could be influenced by many factors, such as the 
temperature, the concentration of the reagents and/or HMTA, the thickness of the buffer 
layer, a roject, the effect of such 
factors as the concentration of the reagents, the thickness of the buffer layer on the 
structures and morphologies as well as the effect of the dopant concentration on the 
propert atically inv gate the effects of 
bstrate then was taken out from the gro
nd the concentration of the dopant element Mn. In this p
ies of Zn1-xMnxO were system estigated. To investi
these factors, one of these factors was changed while the others remained unchanged. 
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3.2 Morphology Study 
3.2.1 The Effect of Concentration of Reagents 
gy 
of the Zn1-xMnxO samples was analyzed by using a FEI XL-30 SEM with Field-Emission 
Gun (FEG). Figure 3.1 shows the SEM images of samples grown on Si substrates with 
2min-sputtering-deposited buffer layers of different reactants concentrations. From the 
images in Figure 3.1, hexagons can be clearly seen, which show that the crystals of the 
Zn1-xMnxO still have a hexagonal structure, the same as the pure ZnO, because the low 
incorporation of the dopant Mn into the lattice of the matrix does not change the crystal 
structure of the matrix.  
From these SEM images one can also observe the trend that with an increase in reactant 
concentration, the diameters of the Zn1-xMnxO nanorods grow. When the concentrations 
of  Zn2+ and Mn2+ in the reaction solution are 0.02M and 0.002M respectively (see Figure 
3.1(a)), the nanorods grow sparsely on the substrate and the average diameter is 41.804 ± 
7.352 nm, although these rods are not properly aligned.
To investigate the effect of the concentration of Zn(NO3)2·6H2O and 
Mn(CH3COO)2·4H2O, different concentrations of these two reactants were used, while 
the molar ratio of these two reactants was kept at 10:1, so the nominal x value in Zn1-
xMnxO is 0.09. The concentration of Zn(NO3)2·6H2O was changed from 0.02M to 0.15M, 
and that of Mn(CH3COO)2·4H2O was from 0.002 M to 0.015 M. The concentration of 
HMTA was kept at 0.05 M.  Buffer layers were grown on the substrate with deposition 
time of 2 min before hydrothermal growth of the Zn1-xMnxO nanorods. The morpholo
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Figure 3.1 SEM images of Samples grown on Si substrates with 2min-sputtering-
2+ 2+ 2+ 2+
Zn
deposited buffer layers (a) Zn  0.02M, Mn  0.002M (b) Zn  0.05M, Mn  0.005M (c) 




Figure 3.2 (a), one can see such trend.  
2+ 0.08M, Mn2+ 0.00
With the increase in the concentrations of reagents, the diameter of the nanorods 
increases, and the alignment of these rods gets improved greatly. From the relation 
between the Zn O nanorods diameter and the concentration of Zn2+, as shown in 
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The diameters of these nanorods were increased by raising the concentration of the 
reagents, which is agreement with those reported in literatures [6, 7].  Meanwhile, 
although the length of these rods first increased with the increase in reagents 
concentration, it then reached a plateau with further increases in concentrations (when 
Zn2+ concentration reaches 0.08M in this project), as shown in Figure 3.2 (b). However, 
the diameters continued to grow with the further increase of the reagents concentrations 
until the rods merge together to form a quasi-film [2], as shown in Figure 3.1 (e). It is 
also observed that the nanorods diameter increases more rapidly after Zn2+ concentration 
reaches 0.08M. This is probably due to the plateau of nanorods length formed at this 
concentration, which might cause nanorods to grow along the radius.  
 
Figure 3.2 Relation between nanorods diameter and Zn2+ concentration (a) as well as 
relation between nanorods length and Zn2+ concentration 
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3.2.2 The Effect of Buffer Layers 
1-x x
It has been shown that the substrate plays a key role in the morphology and structure of 
the Zn Mn O nanorods. The structure of the nanorods can be improved with a smaller 
lattice mismatch between the nanocrystal and the substrate. The effect of the buffer layer 
thickness on the nanorods morphology was investigated in the project. Five different-
thickness buffer layers were deposited by five different deposition duration of 10 sec, 40 
sec, 60 sec, and 2 min respectively, while the concentration of the reagents and HMTA  
 
Figure 3.3 SEM images for Zn1-xMnxO nanorods grown on 20sec (a), 40sec (b), 1min 
(c) and 2min (d) deposited buffer layers at 0.05M Zn2+ and 0.05M HMTA concentration 
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were kept unchanged.  The deposition rate of the buffer layer in this project was around 
es of the buffer layer deposited for 10 sec, 40 
sec, 60 sec and 2 min are 0.6 nm, 2.5 nm, 3.8 nm and 7.2 nm respectively. 
greatly with the thickness of the buffer layer. As shown in Figure 3.3 (a), the density of  
3.8 nm/min, so the approximate thickness
Figure 3.3 shows the SEM images of the samples grown on the buffer layers deposited by 
10sec, 40sec, 1min and 2min sputtering respectively, while the concentrations of Zn2+ 
and Mn2+ were kept at 0.05 M and 0.005 M respectively and the concentration of HMTA 
was 0.05M. 
From the SEM image, it can be observed that the density of the nanorods increased 
 
Figure 3.4 The dependence of nanorods density on the deposition time for buffer layers 
 
the sample grown on the 10 sec-deposited buffer layer is quite low, the rods distribute 
separately on the substrate. While on the 40 sec-deposited buffer layer, the density of the 
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rods increases greatly and the uniformity gets also improved, so does the alignment of the 
rods. On the 2 min-deposited buffer layer, the density increases further, and the 
uniformity of the diameters and the alignment of the rods get further improved.  The 
dependence of the nanorods density on the thickness of buffer layers is shown as Figure 
3.4. One can see that the nanorods density grows nearly linearly with the thickness of the 
buffer layers. From Figure 3.3 it can be also observed that with the increase in the buffer 
layer thickness, the average diameter of the nanorods decrease. The reason for this 
probably is related to the crystal growth in the buffer layer. As it is known that the growth 
e 
average thickness for buffer layer deposited for 10 seconds is about 0.6 nm, while the c-
axis lattice constant of ZnO is about 0.5 nm, so this buffer layer is likely to contain only 
one layer of ZnO. However, at the very beginning of the growth of the buffer layer, after 
the atoms are sputtered onto the substrate, only few Volmer-Weber nuclei can form at the 
defect sites due to lower formation energy rather than a uniform film layer according to 
the growth mode, which is known as island formation. And then the number of the nuclei 
islands increase with the slight increase of the deposition time. With the further increase 
of the deposition time, the nuclei islands will grow larger and impinge with other islands. 
If sufficient growth time is supplied, these islands will eventually coalesce into a 
continuous film, as shown in Figure 3.5 (a).  
orrespondingly, at each growth stage of the thin films, the hydrothermally grown Zn1-
x x
of most thin film nanostructures obeys the three dimensional island growth mode, or 
Volmer-Weber nucleation mode, as shown in Figure 3.5 (a). As mentioned earlier, th
C
Mn O nanorods exhibit different growth behavior. At the beginning of the deposition of 
the buffer layers, the number of the islands is quite low due to the very short deposition 
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time (10 sec). Subsequently in the hydrothermal process, the nanorods can only grow on 
these few islands due to the low lattice mismatch and low formation energy, as shown in 
Figure 3.5 (b), which explains the very low density of nanorods on the 10 sec-deposited 
buffer layer. Due to the very low density of nuclei islands at this stage, the nanorods will 
be distributed sparsely on the substrate, and the nanorods can grow laterally without 
being obstructed, so the diameter of nanorods can grow very large, as shown in Figure 
3.3 (a). With the increase in the deposition time, the sputtered nuclei number on the 
substrates will increase, so will the hydrothermally grown nanorods. Simultaneously, the 
nuclei will become more closely with each other, so will the nanorods, as shown in 
Figure 3.5. The closely grown nanorods might obstruct each other during their growth, 
hence limiting their diameters, as shown in Figure 3.3 (d). Therefore, with the growth of 
deposition time for the buffer layer, the nanorods become dense and their diameters 
shrink.  
 
nanorods growth (b) 
Figure 3.5 A schematic diagram of the island growth mode (a) [8] and the corresponding 
  
          (b) 
island 
      (a) 
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3.3 Structure Investigation 
e strongest peak at around 34° indicates that all samples have a preferred [002] 
orientation. It can be seen that with the increase in x value, i.e. the increase in the Mn 
concentration doped to ZnO, the (002) peak from the Zn1-xMnxO will shift towards lower 
angle direction. This is due to the larger radius of Mn2+ (0.81Å) than that of Zn2+ (0.74Å). 
With the introduction of Mn2+ into ZnO lattice, the lattice will slightly expand due to the 
difference of the radii, according to the Bragg’s Law,  
2d·sinθ=λ 
Where d is the lattice spacing, λ is the wavelength of , 1.5406 Å. The c-axis 
lattice constants for these samples can be calculated, and Figure 3.7 shows the 
To study the structure and crystallinity of hydrothermally grown Zn1-xMnxO nanorods, X-
ray diffraction was performed. The XRD patterns of different Zn1-xMnxO (0≤x≤0.1) 
samples are shown in Figure 3.6. These nanorods were prepared at 0.15M 
Zn(NO3)2·6H2O and 0.15M HMTA solution on the 2min-deposited buffer layer. The 
XRD results for x>0 show that the ZnO structure is not much disturbed by Mn 
substitution. The crystallographic phase of the samples is in good agreement with the 
JCPDS card (36-1451) for the typical Wurtzite type ZnO. No reflections due to any 
impurity or secondary phase are detected for the samples doped up to 10% Mn, as shown 
in Figure 3.6 (a), so it could be assumed that the Mn ions were successfully doped into 
the ZnO lattice. Figure 3.6 (b) shows the fine scanned XRD patterns for the ZnO (002) 
peak. Th
 the X-ray
                                                                                        48 
CHAPTER 3                                                                                                                                        Zn1-xMnxO Nanorods 
relationship between c and x.  It can be observed clearly that the c-axis lattice constants 
of Zn1-xMnxO nanorods rise with the increase of the Mn ions into ZnO crystal, which 
 
 
Figure 3.6 Full range X-Ray diffraction patterns (a) and the fine scanned (002) peak 
XRD patterns (b) for Zn1-xMnxO with different doping levels 
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confirms that the Mn ions were successfully doped into ZnO crystal and were replaced 
into ZnO lattice. Similar changes of the c-axis lattice constant in the Mn doped ZnO by 
other synthesis methods were also reported [9, 10, 11, 12].   
 
Figure 3.7 Variation of c-axis lattice constants with manganese concentration x 
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3.4 Optical Properties 
3.4.1 UV-Visible Absorption Measurement 
The UV-Visible absorption spectra of the Zn1-xMnxO nanorods doped with different Mn 
levels are shown in Figure 3.8 (a). From this figure, one can see that all of these nanorods 
show a sharp absorption edge at about 3.3 eV. Beside this band gap transition, weak 
peaks can also be seen in Figure 3.8 (a), as marked by the arrows, which is reported to be 
corresponding to exciton absorption. One can also see that the spectra of the doped ZnO 
have higher absorption intensities than that of the undoped ZnO. As we know that with 
the incorporation of Mn dopant into host crystals, the defects will increase due to the 
mismatch between the host and dopant lattice constants. Hence, the scattering of the 
incident light due to these dopant-related defects will increase, decreasing the transmitted 
light power, and enhancing the absorbed light intensities.    
The absorption of Zn1-xMnxO nanorods is attributed to direct transition and the optical 
absorption coefficient α  of the direct band-gap semiconductor obeys the following 
Tauc’s law, [13]
αhν = A (hν- Eg)1/2  
whereα is the optical absorption coefficient and hυis the photon energy of the incident 
photon, A is a proportional constant. The direct band gap is determined by this equation 
when the straight portion of the (αhν)2 against hν plot is extrapolated to intersect the 
energy axis at α= 0. Figure 3.8 (b) shows the plot of (αhυ)2 vs hυ for Zn1-xMnxO 
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Figure 3.8 (a) UV-Vis absorption curves of Zn1-xMnxO (x = 0, 0.02, 0.05 and 0.1) 
nanorods (b) Plot of (αhν)2 versus photon energy for Zn1-xMnxO nanorods at different x 
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with different x values. From Figure 3.8(b), the optical gap energies for these four 
les have this relationship, Eg(ZnO)>Eg(Zn0.98Mn0.02samp Eg(Zn00.95Mn0.05O) 
>Eg(Zn00.9Mn0.1O). The variation of the band gap with Mn doping levels is shown in 
Figure 3.9. The un-doped ZnO nanorods exhibit Eg of ~3.34 eV and that of Zn00.9Mn0.1O 
is about 3.32 eV, around 20 meV lower that of un-doped ZnO. The red-shift of the optical 
band gap energy of the Zn1-xMnxO with the increment of Mn is probably related to the 
increase of lattice constant. It has been reported that for the main binary compound 
semiconductors, the energy gap of a semiconductor with a small lattice constant tends to 
be large [14], which has also been observed in this experiment. As discussed earlier, the 
the energy g erent 
 
larger th e 
 
O)>
lattice constant of ZnO rises with the increase of Mn ions into ZnO (see Figure 3.7), so 
ap will decrease. Therefore, the red-shift of the band gap energy for diff
Mn contents indicates that Mn has been successfully doped into ZnO. Similar type of 
results were also obtained for P doped ZnO by Hu [13] et al. The ionic radius of P is
at that of O, so when P is doped into ZnO, the lattice expands slightly due to th
radii difference, thus decreasing the band gap energy of doped ZnO.  Therefore, the 
expansion of lattice due to the radii difference (P and O, or Mn and Zn) leads to the 
change of the band gap. 
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3.4.2 Photoluminescence*  
In a semiconductor that contains no defects there would be mostly a luminescence line 
due to radiative recombination of the free exciton (FX) on the spectra. However, if there 
are some defects such as the donors or acceptors impurities in the crystal, most of the 
excitons will be bound to defects and form bound excitons (BX). The BX has a lower 
energy by the binding en
Figure 3.9 Variation of band gap with the percentage of Zn Mn O nanorods 
 
ergy between the defect and the exciton compared to the FX, but 
ey both belong to the near band emission.    
To investigate the optical properties and the quality of the Zn1-xMnxO nanorods of 
different x values, i.e. different Mn dopant concentrations, the Photoluminescence 
measurement at different temperatures was conducted for un-doped ZnO (x=0),  
* The photoluminescence results in this section were obtained with the kind assistance of Dr Hu Guangxia. 
th
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Zn0.98Mn0.02O, Zn0.95Mn0.05O, and Zn0.9Mn0.1O respectively with an excitation 
wavelength 325 nm (UV) light from He-Cd laser at different temperatures, from low 
temperature 79K to room temperature (296K). 
The room temperature photoluminescence spectra are shown as Figure 3.10(a), and 
Figure 3.10 (b) is the enlarged region at around 3.3 eV. From Figure 3.10 (a), we can 
observe both near-band-edge (NBE) emission consisting of two peaks around 3.3 eV, and 
deep level emission (DL) of several peaks from 2.0 eV to 3.0 eV, located at around 2.15 
eV, 2.26 eV, 2.40 eV and 2.96 eV respectively. These visible emissions are relevant to 
the in ZnO 
15], and they depend largely on the growth conditions and methods.  However, the 
er than 3 eV remains rather controversial. Different 
defect centers are reported to be responsible for the green, yellow and red emissions [16, 
omplex of an oxygen vacancy and zinc 
he peak 
attributed to the relevant excitonic recombination [22]. While the peak at 3.285eV, about 
trinsic defects such as the oxygen vacancies, Zn interstitials and dopants in 
[
origin of the visible emissions low
17]. Among those peaks from lower energy region, the peak at 2.96 eV was reported to 
correspond to atomic level transitions of the Mn ions [18, 19], which clarifies the 
effective incorporation of Mn ions into ZnO; and the peak at 2.26 eV might be attributed 
to the oxygen interstitial level [20]; the peak at 2.40 eV represents the energy interval 
from the bottom of conduction band to the oxygen vacancies level [21]; the peak at 2.15 
eV is related with the energy level of a c
interstitial. All these peaks observed above are consistent with the calculated defect 
energy levels in ZnO, as shown in Figure 3.11 [20].  
From Figure 3.10 (b), two NBE peaks at 3.285 eV and 3.361 eV are observed. T
at 3.361 is in agreement with the NBE emission of ZnO at room temperature, which is 
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76 meV lower that the NBE peak, is likely to represent the first-order longitudinal–
optical (LO) phonon replica of the NBE recombination. This is in agreement with the   
 
 
Figure 3.10 Room temperature (296K) PL spectra for Zn0.98Mn0.02O nanorods (a), and 
  
enlarged part at near-band-edge (NBE) region 
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Figure 3.11 Illustration of the calculated defect energy levels in ZnO from different 
literature sources [20] 
 
reported LO phonon energy of about 70 meV in ZnO calculated from the separation 
between the exciton peaks and their LO phonon replicas in some literature [20, 23]. At 
another LO phonon energy lower than the first one, the second-order LO phonon replica 
of the NBE recombination can also be seen in Figure 3.10 (b), which is about 70 meV 
lower that the first LO phonon replica [24, 25]. In addition to the two LO phonon replicas, 
multiple LO phonon peaks on the higher energy side can also be seen in the PL spectra, 
which responds to simultaneous Raman excitation under 325nm [26]. 
To obtain more information on the band gap structure and the nature of the defects in Zn1-
xMnxO nanorods, photoluminescence spectra have been measured at different 
temperatures. Figure 3.12, Figure 3.13, Figure 3.14 and Figure 3.15 show PL spectra at 
various temperatures for the pure ZnO, Zn0.98Mn0.02O, Zn0.95Mn0.05O and Zn0.9Mn0.1O 
nanorods grown on silicon (100) substrates, respectively. It is observed that the main 
fe
the NBE emission and the DL emission. At t
atures of the PL spectra at different temperatures are similar. The PL spectra consist of 
he UV region, a sharp peak at 3.3-3.4 eV can 
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be seen for all the four batches of nanorods at all the temperatures, as shown in Figure 
3.12 (b), 3.13 (b), 3.14 (a) and 3.15 (a), which is responsible for the NBE emission; while 
at the green emission region, several wide peaks can be seen, being marked in Figure 
3.12 (c), which is attributed to the DL emission. The possible origins of these defects 
related peaks have already been discussed above.  
From the temperature dependence of the PL emission, it is clearly observed that the 
intensities for the emissions, both in the UV and in the green emission region, decrease 
with the increasing temperature f This could be well explained by 
 
t the energy of the 
electron/hole is roughly proportional to the temperature (kT). At low temperature, the 
or all the four samples. 
the Shockley-Read-Hall generation-recombination-trapping theory [27, 28]. As we know 
that in a crystalline semiconductor, there are always some defects, either intrinsic or 
extrinsic. Due to the presence of these defects in semiconductor, a large change in the 
periodic potential may be created which is localized at the vicinity of the impurity or 
defect. If the localized potential change is large enough, it can bind or trap an electron or 
a hole like a potential well. If the kinetic energy of the trapped electron/hole is large 
enough, it can be released from the trap center. It is also known tha
energy of the trapped electron/hole is not high enough to release itself from the trap 
center. Once all the trap centers are occupied, and the trapped electrons/holes do not have 
sufficient energy to emit from these centers, there will be no more trap centers available 
to bind more electrons/holes from the conduction band/valence band, and these free 
electrons and holes will recombine together to emit photons. Therefore, at low 
temperatures, there are relatively more electrons or holes available to fulfill the 
recombination process rather than be trapped by the defects. While at higher temperature,  
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Figure 3.12 Temperature dependence of the UV and defect emission for pure ZnO 
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igure 3.13 Temperature dependence of the UV and defect emission for Zn0.98Mn0.02O
nanorods (a), and enlarged part in the UV region (b) and visible emission region (c) 
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Figure 3.15 Temperature depend  (a) and visible emission (b) for 
Zn0.9Mn0.1O nanorods 
 
ence of the UV emission
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the electron/hole will possess higher energy (proportional to kT). When the temperature 
is high enough, the trapped electron/hole will have sufficient energy to jump out of the 
trap center, emitting a phonon or a photon. Then the trap centre may capture another 
electron from the conduction band or a hole from the valence band, and the trapped 
electron/hole will repeat the emission process. Since quite a lot of electrons and holes can 
be captured by the defects, the number of those fulfilling the recombination process drop 
sharply, hence decreasing the intensity of the UV emission and green emission.  
From Figure 3.12 (b), Figure 3.13 (b), Figure 3.14 (a), Figure 3.15 (a), it can be also seen 
that the UV emission peak systematically shifts to lower energy range with increasing 
temperatures. The red shifts for the four nanorods are ~17, 14.7, 16.2 and 13.5 meV 
respectively, which are marked by the dashed lines. The red shift was reported due to the 
shrinkage of the band gap with the increasing temperature [29]. It was reported that the 
lattice of the crystal will shrink slightly with the drop of the measurement temperature 
due to thermal contraction of the lattice and changing electron-phonon interactions, 
which is responsible for the increase of the band gap, or vice versa.  As it was reported 
that the energy gap is inversely proportional to the lattice constant in a binary compound 
semiconductor [14], with the increasing temperature, the lattice slightly expands, thus 
decreasing the band gap slightly. 
While a negligible peak shift can be seen for the green emission with the increase of 
temperature for all the samples, which is in agreement with reports from some literatures 
[30]. This is due to the different mechanisms of the visible emission from the NBE 
emission. As discussed earlier, th ted with the band gap structure, 
which is dependent on temperature; while for the visible emission, it arises from the 
e NBE emission is rela
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defects in the crystal, either intrinsic or extrinsic. The intrinsic defects inside ZnO crystal 
are mainly represented as O vacancies (Vo) and Zn (Zni) interstitials [23]. Such defects 
will act as trap centers in the crystal as discussed earlier, and can capture electrons or 
holes from the valence band or conduction band. Take the Vo for example, it has a 
positive charge of +2e. Once it captures an electron, the Vo and the electron will form an 
equivalent quasi-hydrogenic atom. During this capture process, this equivalent quasi-
hydrogenic atom releases energy as a form of photon, as shown in Figure 3.16. The 
photon energy E  is proportional to the ionization energy of the hydrogenic atom, i.e. E  
NBE emissions at higher temperatures, as indicated by arrows of different colors in 
λ λ
∝13.6/n2, where n is the principal quantum number. Therefore, Eλ  is temperature 
independent, and hence the peaks from green emission do not shift with the change of 
temperature.    
From these figures, one can also observe apparent peaks at the low energy side of the 
Figure 3.12 (b), Figure 3.13 (b), Figure 3.14 (a) and Figure 3.15 (a). At a certain 
temperature for all the samples, the energy difference between the NBE peak and the 
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lower energy side peak is roughly 70 meV, which is consistent with the energy of a 
longitudinal-optical phonon (~ 70 meV) in ZnO [20]. When the recombination between 
the electrons at the conduction band and the holes at the valence band occurs, a photon 
with relevant frequency will be released. However, during the transmission of the 
released photon in the lattice, it will lose some energy due to the thermal lattice vibration, 
which is equivalent to a LO phonon energy. It is also observed that at lower temperatures, 
the peaks from the LO phonon replica are quite low or even negligible as compared with 
those at higher temperatures. This is because that the lattice vibration at low temperature 
is restricted due to low energy (kT), which is proportional to the temperature. Therefore, 
only few atoms exhibit the lattice vibration, owing to the LO phonon energy.  
During the transmission of the released photon, it will meet relatively few lattice 
photon will be much higher, leaving a higher peak at the LO phonon replica. With further 
increase of the temperature, the NBE emission and its first LO phonon replica might 
merge together, as indicated in Figure 3.12 (b), Figure 3.13 (b) and Figure 3.14 (a), which 
is in agreement with some literature [31]. At room temperature, the  
dominated by its first LO phonon replica, which can be observed in Figure 3.13 (b), 
Figure 3.14 (a) and Figure 3.15 (a). From these figures, it can be observed that the peak 
of the first LO phonon replica is higher than the NBE emission, which is due to intensive 
pho  a 
vibrations at this low temperature. Thus, the energy loss of the photon will be relatively 
small, and the peak at the LO phonon replica will be quite low. With the enhancement of 
the temperature, the lattice vibration of the crystal will become more intensive, and much 
more atoms will posess this LO phonon energy, so the energy loss of the transmitting 
NBE emission is
non assisted transitions at room temperature. The energy-lost photon might lose
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second LO phonon energy in the transmission, generating the second-order LO phonon 
replica [29]. As is shown in Figure 3.15 (a), the second LO phonon replica peak can be 
clearly seen in the PL spectra for Zn0.9Mn0.1O nanorods.    
ƒ(E) = 
From the temperature dependence of the NBE emission for the Zn1-xMnxO nanorods with 
different doping levels, we can see that the FWHM of the peak broadens with the 
increasing temperature, as shown in these figures above. As we know that the distribution 







Where EF is the Fermi energy. One can know that with the increase of T, the probability 
ƒ(E) will increase too. Figure 3.17 shows two different distributions at different  
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temperatures, according to the distribution ƒ(E), electrons can occupy a wider energy 
range ΔE at T2 than T1 (T2>T1). When the excited electrons from the conduction band 
recombine with the holes in the valence band, the PL emission at higher temperature will 
ive recombination 
process [31]. This PL intensity decrease is represented by a relatively high activation 
energy. However, this decrease can be related with partial dissociation of excitons at an 
intermediate temperature range. The relationship between PL emission intensity and the 
 I = A/[1+B exp(-EA/kT)] 
r, equal to the emission intensity at 0 K [30], B is the process rate 
parameter, EA is the activation energ and k is the Boltzmann’s constant. 
Thermal activation energies EA, due to non-radiative mechanisms, at intermediate 
temperature range for different samples can be obtained by fitting the exponential data. 
The fitting results for Zn1-xMnxO nanorods with different  levels are shown in 
Figure 3.18. The EA values are 40.75 ± 0.1059 meV, 36.54 ± 0.0252 meV, 35.4 ± 0.0054 
meV and 26.41± 0.00584 meV for un-doped ZnO, Zn0.98Mn , Zn0.95Mn0.05O, and 
Zn0.9Mn0.1O espite the 
milarities of the peak positions, the nanorods incorporated with different amounts of 
manganese show different non-radiative recombination rates and therefore different types, 
have a broadened spectrum. 
From these figures above, it can be clearly observed that the exponential decay of the 
NBE PL intensities with the increase in temperature T. The decrease of the PL intensities 
is reported to be mainly attributed to the thermally activated non-radiat
temperature is usually described as the following expression: [32, 33] 




 nanorods respectively. Different activation energies suggest that d
si
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concentrations and energy levels of point defects. The similar fitting was conducted by 
some groups for pure ZnO, and fitted activation energy were reported to be 60 meV by 
Zhang et al. [30] and 47 meV by Tam et al. [33] respectively. These reported results 
show slight disparity compared to that obtained in this project (~41 meV), which might 
be due to different fabrication methods, since the optical properties of ZnO were reported 
to be strongly dependent on the preparation conditions [20].   
tively few defects 
in a well grown ZnO, such as the oxygen vacancies and zinc interstitials. After the 
incorporation of one type of dopant such as Mn, due to the disparity between the radii of 
 of interstitials 
or impurities. Therefore, the doped ZnO will have more defects than un-doped ZnO in the 
same growth condition, thus having lower activation energy. With the increase in dopant 
concentration, the defects in the crystal due to the dopant increase too, contributing to 
intermediate levels between the VB and the CB. The defect location probably gets closer 
to the valence band or conduction band, thus lowering the activation energy.   
 
From the EA values obtained above, it is obvious that the activation energy will decrease 
with increasing incorporated Mn concentrations. A possible explanation for the decrease 
of the EA is here proposed as follows. Since the activation energy is reported to be 
attributed to the defects between the valence band and the conduction band, more defects 
will introduce more intermediate levels in the band gap. There are rela
the dopant and the host, the dopant can not fully replace the lattice point in the host 
crystal, thus some of the dopant will inevitably become defects, in the form
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Figure 3.18 Temperature dependence of the PL intensities and the fitting results (red 
solid lines) for pure ZnO (a),  Zn0.98Mn0.02O (b), Zn0.95Mn0.05O (c), Zn0.9Mn0.1O (d) 
nanorods respectively 
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To investigate the influence of different manganese doping levels in ZnO on the optical 
properties, the NBE photoluminescence spectra of Zn0.98Mn0.02O, Zn0.95Mn0.05O and 
Zn0.9Mn0.1O nanorods at different temperatures were drawn as shown in Figure 3.19. One 
can see clearly from these figures, from 3.19 (a) to 3.19 (f), that the NBE emission peaks 
shift slightly towards higher energy range with the increase of x values in Zn1-xMnxO. 
The dashed lines are used in these figures to indicate the position shift of the NBE peaks. 
At higher temperatures, there is a blue shift in the visible LO phonon replica peaks with 
the increasing x value. So far, several possible explanations have been addressed for the 
observation. In the process of doping, if the radius difference between the host and 
dopant ions is to be considered, even the same dopant ions may generate different effect 
of the NBE photoluminescence peak shift. If the ions of the dopant are larger than the 
host ions in the lattice, different positions of the dopant ions in the crystal will have 
different effects. Theoretically, the dopant ions can either substitute the host ions or enter 
the crystal at the interstitial position. If the dopant ions replace the host ions, the lattice 
constant of the crystal will increase because the radius of the dopant ion is larger than that 
of the host ion. It has been reported by some groups that there is a strong correlation 
between the lattice constant and the band gap energy in the main binary compound 
semiconductors: the band gap of a semiconductor having a smaller lattice constant tends 
to be larger [34]. Therefore, the increasing lattice constant will make the band gap shrink, 
thus decreasing the band gap energy. If the dopant ions are located at the interstitial 
position  host ions lattice point, it will exist as a interstitial defect and 
exe  a 
slight shrinkage of the lattice constant. Thus, based on the prediction mentioned earlier, 
s rather than the
rt a compressive force to the surrounding environment of the lattice, generating
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Figure 3.19 The comparison of the NBE PL spectra for Zn0.98Mn0.02O, Zn0.95Mn0.05O and 
Zn0.9Mn0.1O nanorods at different temperatures 
 
the compressive force will increase the band gap energy slightly. However, an ion with a 
smaller radius can also substitute the host ion, hence creating shrinkage of the lattice. 
Therefore, both the doping of larger ions and small ions could make the NBE emission
peak shift to higher energy. 
There is a well-established agreement that explains the band gap energy shift in doped 
semiconductors known as Burstein-Moss band filling effect, which states that the 
measured band edge energy shifts positively with increasing doping levels. The Burstein-
Moss effect can be summed up as the following expression: 
Em = E0 + ΔEBM , [35]
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Where Em is the measured band gap energy of the doped semiconductor, E0 is the band 
gap energy of the un-doped composition, and ΔEBM is the energy change due to filling of 
the conduction band of dopant electrons. This effect can be explained by Figure 3.20. As 
shown in the Figure 3.20 (a), this is the schematic diagram of the band gap for an un-
doped semiconductor, where the band gap energy of the host crystal is E0. After doped by 
a dopant into this host crystal, due to Burstein-Moss effect, the electrons from the dopant 
will fill up the energy states in the conduction band of the host crystal, from lowest levels 
to higher levels, as shown in Figure 3.20 (b). The energy range that is occupied by the 
dopant electrons is ΔEBM. When the doped semiconductor is excited by a laser, the 
electrons from its valence band will jump into the conduction band, but the excited  
 
doped semiconductors (b) [28] 
 
Figure 3.20 A schematic diagram of the band gap for un-doped semiconductors (a) and 
electrons can not occupy the energy states lower than E0 +ΔEBM, as these states have 
been fully filled by the dopant electrons. Therefore, when these excited electrons fulfill 
the recombination process with the holes from the valence band, the energy released from 
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the recombination is corresponding to E0 + ΔEBM rather than E0, generating a blue shift 
on the relevant photoluminescence spectrum compared with that from an un-doped 
semiconductor. The Burstein-Moss blue-shift has been theoretically calculated [35] and 
experimentally reported in various elements doped ZnO such as Al, Ga, In, [39] etc, as 
well as in other compounds [40]. 
measured band gap energy should be expressed as: 
However, when the semiconductor is heavily doped, the electrons from the dopant can 
not occupy a higher energy level in the conduction band. Thus, these electrons might 
occupy the energy levels slightly lower than the conduction band due to the band tailing 
effect, which generates a band gap shrinkage. In the heavily doped semiconductors, the 
Em = E0 + ΔEBM - ΔEg, where ΔEg is the band gap shrinkage. Based on the band 
tailing effect, the band gap of a heavily doped semiconductor will shrink with the 
increasing doping levels. According to the Burstein-Moss effect and the band tailing 
effect, the NBE emission peak for a doped semiconductor will shift to higher energy first 
with the increasing dopant concentrations. However, when the dopant concentration 
reaches a critical point, the band gap will shift to lower energy instead of further 
increasing doping levels. 
From Figure 3.19, only a blu ncreases from 0.02 to 0.1 in 
Zn1-xMnxO at different temperatures, no red shift can be seen. This blue shift could be 
e shift can be observed when x i
possibly attributed to a mutual effect of the lattice expansion due to the incorporation of 
Mn and the Burstein-Moss filling effect at a low doping level of manganese into the ZnO.  
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Besides the blue shift of the peaks with the enhancing doping levels, the peak intensities 
also decrease with the increasing doping level. On the one hand, the increment of the Mn 
doping level into ZnO will increase more defects in the form of strains or interstitials, 
which will act as trap centers for the electrons and holes, hence depressing the direct 
recombination between electrons in the CB and holes in the VB.  On the other hand, it 
was reported that Mn2+ ions can capture oxygen atom from the lattice [38], giving rise to 
more oxygen vacancies in the crystal that also decreases the NBE emission, further 
suppressing the recombination emission. 
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In the previous chapter, Zn1-xMnxO nanorods were prepared by a chemical route, i.e.  
hydrothermal method, and the effects of processing parameters on the morphologies, 
structures and optical properties of the Zn1-xMnxO nanorods, as well as the different 
oping levels of manganese have also been discussed. In this chapter, a physical route, i.e. 
dio frequency sputtering deposition method was employed. 
.1 Thin Film Preparation 
Zn1-xMnxO thin phire, quartz 
and glass by an leaned in de-
ionized water, ac er to remove 
the dirt on these substrates to achieve successful deposition. The un-doped ZnO target 
and a series of Zn1-xMnxO targets were used in the experiments. The starting materials for 
the two sputtering targets were ZnO (>99.0%) and MnO (>99.0%) respectively.  
Table 4.1 Different atomic ratios of Mn and Zn in the targets 
 




films were grown on different substrates including Si, sap
 rf magnetron sputtering method. These substrates were c
etone and ethanol subsequently by using an ultrasonic wash
x value in 
Zn1-xMnxO 
0 0.01 0.02 0.04 0.05 0.08 0.1 
 
First of all, varying amounts of MnO and ZnO were mixed for different atomic ratios 
between Mn and Zn, in order to obtain different Zn1-xMnxO compositions with various 
doping levels, as shown in Table 4.1. The mixed powders were then ball-milling for 24 
hours and pressed into pellets before sintering at 1000°C. Deposition of Zn1-xMnxO thin 
films was performed at different temperatures (from 300-700°C) with a base pressure of 
10-6 Torr, deposition pressure of 20 mTorr in a mixture of Ar and O2 gas, the flow rate of 
Ar being kept at 230 sccm and that of O2 changing from 0 sccm to 80sccm to investigate 
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the effect of the atmosphere of deposition, and the deposition time being kept for 1 hour. 
The films thickness obtained in this project ranges from 200 nm to 300 nm. 
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4.2 Structure Investigation 
4.2.1 XPS Measurements 
X-ray photoelectron spectroscopy measurement was performed to study the chemical 
state of the doped Mn ions in ZnO. The Zn1-xMnxO thin films for XPS analysis were 
prepared on silicon at 600°C with Ar flow rate at 230 sccm and oxygen flow rate at 60 
sccm, respectively. Before the XPS measurement, the samples were sputtered for several 
minutes to remove the dirt on the surface of the thin films. Interestingly, the chemical 
states for Mn in Zn1-xMnxO thin films with different doping levels are different. The XPS 
spectra with curve fitting results of Mn 2p3/2 for Zn0.98Mn0.02O and Zn0.9Mn0.1O films are 
shown as Figure 4.1 and Figure 4.2 respectively. Form Figure 4.1, a symmetric peak can 
be clearly seen, and the noisy background of the pattern indicates the low concentration 
of Mn in the film. The fitting results show that the peak position is at 641.17 eV, which is 
consistent with the peak position of the binding energy of Mn ions in Mn3O4 [1]. 
However, the raw material for the target is MnO, so the conclusion could be drawn that 
the chemical state of the Mn ions had changed from the precursor to the product.  
However, with the increase of Mn doping level in ZnO, the chemical state of the Mn also 
varies. The XPS result of Mn 2p3/2 for Zn0.9Mn0.1O in Figure 4.2 shows an asymmetric 
peak, which indicates that the Mn has more than one chemical state in Zn0.9Mn0.1O thin 
film. The Mn 2p3/2 peaks can be fitted into two components: the peak at 640.4 eV 
corresponding to the chemical state of Mn2+ [2], while the other peak at 642.0 eV 
attributed to Mn4+ oxide [1, 2]. As we know that the Mn2+ is thermodynamically less 
stable than Mn3+ and Mn4+ at high temperature, and it is believed that during the sintering 
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process in the fabrication of the Zn1-xMnxO targets, the Mn2+ was oxidized at a high 
temperature of 1000°C, the oxidization reaction can be described as following 
2MnO + O  → 2MnO   
expressions: 
6MnO + O2 → 2Mn3O4;   
2 2
Nevertheless, for each target, the ratio between the two Mn ions cannot be decided 
accurately. Even in the XPS spectra, due to the small amount of Mn in ZnO, the ratio can 
not be determined accurately. 
 
Figure 4.1 XPS spectrum of Mn 2p3/2 for Zn0.98Mn0.02O thin film on silicon at 600°C 
with Ar flow rate at 230 sccm and oxygen flow rate at 60 sccm, respectively 
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Figure 4.2 XPS spectrum of Mn 2p3/2 for Zn0.9Mn0.1O thin film on silicon at 600°C with 
Ar flow rate at 230 sccm and oxygen flow rate at 60 sccm, respectively 
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4.2.2 XRD Investigation  
X-Ray diffraction measurements were performed on Zn1-xMnxO thin films with different 
Mn concentrations. These films were deposited at 600°C on Pt coated Si substrates, with 
Ar and O2 flow rates at 230 sccm and 60 sccm respectively, while the RF sputtering 
power was kept at 120W during the deposition. The XRD patterns were shown in Figure 
4.3 (a) for un-doped ZnO, Zn0.99Mn0.01O, Zn0.96Mn0.04O and Zn0.9Mn0.1O thin films 
respectively. And the enlarged parts for the (002) peak are shown as Figure 4.3 (b). From 
Figure 4.3 (a), besides the strongest peaks from the substrate Pt (111), only ZnO (002) 
peaks can be observed, indicating that the Zn1-xMnxO films have a c-axis orientation 
normal to re quite 
weak as compared with the substrate peaks. On the one hand, this is due to the thin 
thicknesses of these films, averaged between 200 and 300 nm; on the other hand, this 
suggests that the films deposited by the sputtering technique do not have high 
crystallinity. 
From Figure 4.3 (b), peak asymmetry can be seen for Zn0.96Mn0.04O (002) peak, this is 
possibly due to the introduction of MnO second phase since the sputtering method is a 
kind of non-equilibrium processes, and similar observation was also reported in Fe doped 
ZnO thin film by the same fabrication method [3]. However, it still can be clearly 
observed that the peak position shifts with various Mn contents, but the peak shift seems 
random from this figure. With the doping level of Mn increasing from 0 to 0.04, the peak 
shifts towards lower angle direction; but it shifts back with the further increase of Mn 
doping level. Theses (002) peaks were fitted according to Gaussian peak to get accurate 
 the substrate. However, it can also be observed that the peaks at (002) a
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information of the peaks, and the fitting results are shown in Table 4.2. It can be observed 
ifts from 34.379° to 34.168° for Zn0.96Mn0.04O, but for  that the (002) peak position first sh
 
1-x x
substrates at 600°C with Ar and O
Figure 4.3 X-ray diffraction results for different Zn Mn O thin films grown on Si 
and the enlarged part of the (002) peak (b) 
2 flow rates at 230 sccm and 60 sccm respectively (a) 
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Zn0.9Mn0.1O, it shifts to higher angle at 34.281° again. According to the Bragg’ Law, 
2d·sinθ=λ, the c-axis lattice constant can be calculated for these different films, as shown 
in Figure 4.4. This observation is consistent with the XPS results discussed above.  
During the sintering process in the fabrication of targets, part of MnO was probably 
oxidized at high temperature to Mn3O4 and/or MnO2, which was also observed by some 
groups [4], but the amount for these two components could not be controlled. At lower 
doping level of Mn, only Mn3O4 was detected by XPS (see Figure 4.1); while at higher 
Mn doping level, both MnO and MnO2 were detected (see Figure 4.2). And it is known 
that the ionic radii for Mn2+, Mn3+ and Mn4+ are 0.81Å, 0.66 Å and 0.60 Å respectively 
[5], and for Zn2+, its radius is 0.74 Å [5].  
Based on the XPS results, at the low doping levels, Mn3O4 is the dominant form of 
manganese in ZnO and in Mn3O4 there exist two chemical states for Mn, i.e. Mn2+, Mn3+. 
The radius of the former Mn ion is larger than that of Zn2+, and the latter smaller. In 
principle, the substitution of Mn2+ for Zn2+ will cause the lattice constant to expand 
slightly; while that of Mn3+ will have the opposite effect. From Figure 4.4, an increase of 
the c-axis lattice constant can be observed for the low Mn doping levels, which is due to 
the collective effect of Mn2+ and Mn3+ plus the strains and distortions generated in the 
lattice owing to the introduction of the alien ions. For higher doping levels, part of 
manganese exists in the form of Mn4+, and the atomic ratio between Mn4+ and Mn2+ is 
roughly 1 from the XPS peak fitting results as shown in Figure 4.2. Due to the even 
sm 4+ he 
l  
with the experimental results, as shown in Figure 4.4. However, the analysis above is far 
aller radius of Mn , and the relatively high atomic ratio as compared with that at t
ow doping levels, a shrinkage of the lattice could be expected, which is in agreement
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too simple. The real situation is much more complicated due to the different positions 
which the doped Mn ions in the lattice might be in, either in the interstitial or sub-
stitutional position, and the strains caused by both the intrinsic (oxygen vacancies and 
zinc interstitials) and extrinsic defects, which needs to be more strictly studied and 
analyzed.  
at 600°C with Ar and O2 flow rates at 230 sccm and 60 sccm respectively with various 
 
Table 4.2 The fitting results of ZnO (002) peak for different films grown on Si substrates 
Mn contents 
  pure ZnO Zn0.99Mn0.01O Zn0.96Mn0.04O Zn0.9Mn0.1O 
Peak center (°) 34.379 34.319 34.168 34.281 
FWHM (°) 0.33217 0.39739 0.60162 0.50766 
 
 
Figure 4.4 Variation of the c-axis lattice constant with the Mn concentration 
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4.3 Morphology Study 
The grain size and root mean square (RMS) roughness value are very important criteria to 
evaluate the quality of a thin film, further determining their industrial application. In this 
part, the influences of different conditions involved in the deposition process on the film 
morphology will be discussed.     
4
In th en of m re to ZnO in order to 
unde ect of g lev  thin f ology .5 shows 
AFM images of Zn1-xMnxO thin films with different doping levels. These films were 
deposited on silicon substrates at 600°C, and with Ar and O2 flow rates at 230 and 60 
sccm respectively, and growth time was kept for 1 hour. It can be clearly observed that all 
films shown are quite dense and display smooth RMS roughness and uniform grain size. 
From these figures, it can also be noticed that the grain size drops slightly with the 
increase of Mn dopant concentration. The grain size for the Zn0.99Mn0.01O film is about 
56 nm. With increasing Mn content, it decreases to around 40 nm for Zn0.95Mn0.05O film. 
The RMS roughness also decreases simultaneously due to the shrink in grain size, as 
shown in Figure 4.6 (b). It is demonstrated that doping of Mn into ZnO lattice generates a 
slight reduction in grain size, indicating that Mn works as a possible catalyst in the ZnO 
lattice  and 
reported by some other groups [5]. A decrease in the average particle size with increasing 
Mn content was also observed, and similar results were also reported in some literatures 
[2, 6, 7].  
.3.1 The Effect of Mn Doping Content 
is project, differ t amounts anganese we  introduced in
rstand the eff  Mn dopin els on the ilm morph . Figure 4
 to create nanosized grains and smoother surface, which was also observed
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From the XRD results of these films, as shown in Figure 4.3, it can be observed that the 
FWHM value increases with the increasing Mn content, indicating that the incorporation 
of Mn into ZnO lattice leads to poor crystallinity [5]. The possible reason is due to the 
mismatch of the lattice constants between Mn and Zn ions; on the other hand, Mn ion can 
not completely substitute for the Zn sites due to this mismatch and the chemical state 
difference. Some of Mn ions may gather at the grain boundary, in the form of clusters or 
ential energy, and further impede the 
merge of the grains, hence limiting the grain size.   
small grains [8], which generates the rise of pot
 
Figure 4.5 The AFM images of different Zn1-xMnxO films grown on silicon substrates 
with Ar and O  flow rates at 230 and 60 sccm respectively and deposition temperature at 
600°C (a) Zn
2
0.99Mn0.01O, (b) Zn0.98Mn0.02O, (c) Zn0.96Mn0.04O, (d) Zn0.95Mn0.05O 
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Figure 4.6 Dependence of grain size (a) and roughness (b) on the Mn content in Zn1-
xMnxO thin films grown on silicon substrates with Ar and O2 flow rates at 230 and 60 
sccm respectively and deposition temperature at 600°C 
 
4.3.2 The Effect of Partial Pressure of Oxygen 
pressure during the thin film deposition is believed to play an important role on the 
morphology and structure of deposited films. During the thin film deposition, argon and 
oxygen were used as the deposition ambient, and the partial pressure of each gas was 
As oxygen vacancies are inevitable intrinsic defects in un-doped ZnO, the oxygen partial 
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controlled by adjusting the flow rate. To investigate the role of partial pressure of O2 
during thin films deposition, Zn0.9Mn0.1O thin films were grown at different oxygen flow 
rates of 0, 20, 40 and 60 sccm on different substrates of glass, sapphire and silicon, while 
the growth temperature was kept at 600°C and the Ar flow rate was kept at 230 sccm and 
the growth time was controlled for 1 hour. Figure 4.7, Figure 4.8 and Figure 4.9 show the 
AFM images of Zn0.9Mn0.1O thin films deposited at different oxygen partial pressures on 
sapphire, glass and silicon substrates respectively. From these figures, it can be found that 
the surfaces of the films deposited at pure Ar are very rough, and have larger RMS 
roughness values of 1.8 nm, 3.3 nm and 5.8 nm on sapphire, glass and silicon, 
respectively. The surface roughness value decreases with the increase in oxygen pressure, 
as shown in Figure 4.10 (b). At the same time, the grain size increases, as shown in 
Figure 4.10 (a).     
In Figure 4.10, the dependence of surface roughness on the oxygen partial pressure shows 
that with the increase in oxygen pressure, the roughness of the deposited films becomes 
lo ert 
ga e 
deposition, and it controls the deposition rat of the film. With the rising Ar flow rate in 
higher deposition rate, there is 
not enough time for the sputtered atoms to move and migrate on the substrates. Thus, 
w, hence the films getting smoother, and the grain size gets larger. Argon, as an in
s, applied during the growth does not take part in the reaction process during th
e 
the experiment, there will be a higher deposition rate. At a 
these atoms easily gather together to form clusters, hence increasing the surface 
roughness. If the Ar flow rate is kept constantly at 230 sccm, and simultaneously the O2 
flow rate is increased, i.e. increasing the O partial pressure, the deposition rate of the thin 
films will be lowered [19]. The lowered deposition rate will provide more time for 
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sputtered Zn and O atoms to diffuse on the surface of the substrate to the low energy sites, 
leading to enhanced grain growth, further resulting in a smoother film surface. The effect 
of the O2/Ar ratio, i.e. the oxygen partial pressure, on the microstructure of Zn1-xMnxO 
thin films is in agreement with those of previous reports [9, 10]. 
Moreover, as we know that zinc interstitials and oxygen vacancies are the most common 
intrinsic defects in the growth of ZnO crystal, resulting in local distortion and strains in 
the crystal, which will impede the growth of the grain size and generate rough surface. 
With the increase in oxygen partial pressure, more O atoms will be supplied during the 
 
Figure 4.7 Zn0.9Mn0.1O on sapphire substrate at different oxygen partial pressure (a) O2 0 
sccm (b) O  20 sccm (c) O  40 sccm (d) 60 sccm with Ar flow rate at 230 sccm and 
growth temperature at 600°C 
 
deposition, hence reducing the oxygen vacancies in the films and improving the 
crystallinity. During the film deposition, the relation of the two main defects in ZnO 
2 2
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crystal and the oxygen partial pressure can be expressed as the following equations: [11, 
12]
2
O  + V O = O O , …[V O ] ∝P O2  1 −
Zni + 
2







Where Zn and V  represent Zn interstitial and oxygen vacancy, P is the oxygen partial 
O2 (g) = ZnZn + O , …[Zni] ∝P
i o





Figure 4.8 Zn0.9Mn0.1O on glass substrate at different oxygen partial pressure (a) O2 0 
sccm (b) O2 20 sccm (c) O2 40 sccm (d) 60 sccm with Ar flow rate at 230 sccm and 
growth temperature at 600°C 
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Figure 4.9 Zn0.9Mn0.1O on silicon wafer at different oxygen partial pressure (a) O2 0 
sccm (b) O2 20 sccm (c) O2 40 sccm (d) 60 sccm with Ar flow rate at 230 sccm and 
growth temperature at 600°C  
 




0.9Mn0.1O thin film deposited on different substrates with Ar flow rate at 
230 sccm and growth temperature at 600°C 
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oxygen and the interstitial Zn respectively. From these two equations above, one can see 
that the concentrations of the oxygen vacancies and the Zn interstitials are proportional to 
P 2/1− , therefore decreasing with increasing oxygen partial pressure. Therefore with less 
defects in the crystal, there will be less distortion and strains generated. Thus, the 
decrease in oxygen vacancies and Zn interstitials will both help lower the strains and 
local distortion in the films, further enlarging the grain size and smoothening the surface 
of the films. 
4.3.3 The Effect of Growth Temperature 
Zn1-xMnxO thin films were deposited at different substrate temperatures to study the 
inf 2 
show the AFM images of the surface morphologies of Zn0.98Mn0.02O and Zn0.95Mn0.05O 
thin films grown on silicon substrates at 300°C, 400°C, 500°C and 600°C respectively, 
with deposition time being kept for 1 hour. From these figures, one can observe clearly 
that the surface morphologies of Zn1-xMnxO thin films greatly depend on the growth 
temperature. From the dependence of grain size and surface roughness on the growth 
temperature, as shown in Figure 4.13, we can see that the grain size and the surface 
roughness of the thin films increase with the increase in growth temperature. From Figure 
4.11, it can be seen that the grain size of Zn0.98Mn0.02O thin films grew from 24.1 nm to 
4  
Zn0.95Mn0.05O increase hange is in agreement 
with the improvement in crystallinity [13] o the films which is due to the change of the 
O2
luence of growth temperature on the structure of the films. Figure 4.11 and Figure 4.1
4.1 nm when the growth temperature increased from 300°C to 600°C; and that of the
d from 30.4 nm to 49.8 nm. This grain size c
f 
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particle mobility at different growth temperatures [9]. At higher temperature, the particle 
will have higher mobility, hence it is easy to form larger grain size with larger roughness.   
but for Zn
 
As we know that the surface made up of large grain size always has high roughness value, 
instead sometimes becomes smoother which is attributed to an increased 
 for some cases the roughness value 
also increases with enhanced temperature. On the one hand, this is due to the larger grain 
0.98Mn0.02O and Zn0.95Mn0.05O thin films grown at different temperatures, the 
surface roughness does not change with the grain size, as shown in Figure 4.13 (b). With 
rising growth temperature, the grain size keeps growing while the surface does not get 
rougher but 
surface mobility of the particles. From this figure,
size at higher temperature; on the other hand, this might be responding to the strain 
between the film and the substrate, which develops with rising temperature. [14]
 
Figure 4.11 Zn0.98Mn0.02O thin film on silicon substrate deposited at different 
temperatures (a) 300°C (b) 400°C (c) 500°C (d) 600°C with Ar and O2 flow rates at 230 
and 60 sccm respectively 
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Figure 4.12 Zn0.95Mn0.05O thin film on silicon substrate deposited at different 
temperatures (a) 300°C (b) 400°C (c) 500°C (d) 600°C with Ar and O2 flow rates at 230 
and 60 sccm respectively 
 
 
To further study the influence of growth temperature on the structure of the as-deposited 
films, XRD measurements were conducted on the Zn0.98Mn0.02O thin films deposited at 
different temperatures, as shown in Figure 4.14. The ZnO (002) peaks can be seen for all 
the Zn0.98Mn0.02O films deposited at different temperatures, indicating that these films 
have (002) preferential orientation. With the increase in growth temperature from 300 °C 
to 600 °C, the enhancement of the peak intensities can be observed. The intensity of the 
(002) peak suggests that how much part of the crystalline grain is along c-axis orientation. 
When the growth temperature is not high enough, the atoms do not have sufficient energy 
to move to the lower energy sites to grow along the c-axis orientation. With the increase 
of the 002) 
direc
 temperature, those atoms exhibiting high energy can easily grow along (
tion, thus the crystallinity of the film being improved. To get more accurate 
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Figure 4.13 Dependence of the grain size (a) and surface roughness (b) on the growth 
temperature for films deposited on silicon substrate with Ar and O2 flow rates at 230 and 
60 sccm respectively 
 
information of the (002) peak, these peaks were fitted based on the Gaussian peak, and 
the fitting results are shown in Table 4.3. From this table, it can be observed that with the 
rising growth temperature, the full width at half maximum (FWHM) at (002) peak 
basically decrease, 
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Figure 4.14 XRD patterns for Zn0.98Mn0.02O thin films deposited at different 
temperatures on silicon substrate with Ar and O2 flow rates at 230 and 60 sccm 
respectively 
 
which could be explained by the reduced number of defects formed at higher temperature 
d  
genera
in the form of vacancies and interstitials in the film due to lower energy of the atoms, 
) peak, the peak centre also changes with the enhancing temperature, 
as shown in Table 4.3, which is mainly related with the tensile strain generated in the film 
[15]. It is noted that the peak positions at lower deposition temperatures are lower than 
ue to higher energy of the sputtered atoms, thus decreasing the distortion of the lattice
ted by the incorporation of defects. At lower temperature, there exist more defects 
therefore generating more strains in the lattice and decreasing the crystalline quality. As 
is known that the FWHM also reflects the qualitative crystalline behavior to some extent, 
these strains in the film will cause a larger FWHM of the peak. Besides the narrowing in 
FWHM of the (002
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Table 4.3 The fitting results of ZnO (002) peak for Zn0.98Mn0.02O films deposited at 
different temperatures on silicon substrate with Ar and O2 flow rates at 230 and 60 sccm 
respectively 
 
Growth T (°C) 300 400 500 600 
Peak center (°) 34.337 34.367 34.416 34.423 
FWHM (°) 0.824 0.84593 0.77445 0.7741 
 
the powder value (34.42°) of ZnO; while with the increase in temperature to 500 and 600 
°C, the peak positions are very close to the standard ZnO powder (002) peak. This shift 
of peak position at lower temperature indicates that the Zn0.98Mn0.02O films are in a state 
of stress with tensile components parallel to c axis, and compressive stress in the plane of 
films [15, 19], resulting in the slight increase of the c-axis spacing. The compressive 
stress ng a 
ight decrease in the c axis spacing g the (002) position to higher angle 
σ  = 
 in the film plane decreases as the deposition temperature increases, generati
, thus shiftinsl
direction, which is in agreement with previous reports [13]. The stress can also be 
calculated from the XRD results. The calculation is based on the biaxial strain model [16], 
related with the interlayer spacing of the film. The residual stress in the Zn0.98Mn0.02O 










where c  = 0.52054 nm, is the lattice constant for a standard ZnO power [20], and c  is 
the lattice constant of Zn Mn O thin films deposited at different temperatures in this 
project, which can be calculated through the following equations: 
012113313 film×
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And  dhkl = 
2
2a






Being h  l = 2. Thus, c = 2d0
The values of the elastic constant from single crystalline ZnO are used to stand for that 
 = k = 0 and 02
for Zn0.98Mn0.02O thin film in different directions, c11 = 208.8 GPa, c12 = 119.7 GPa, c13 = 
104.2 GPa, c33 = 213.9 GPa. Substituting c11, c12, c13 and c33 into the equation above, the 









Figure 4.15 The relation between the stresses of the Zn0.98Mn0.02O thin films and the 
growth temperature 
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The res duali  stresses for Zn0.98Mn0.02O thin films deposited at different temperatures were 
calculated based on the above equation, as shown in Figure 4.15. The negative sign of the 
stresses indicates that the lattice constant c is elongated compared with unstressed ZnO 
films are in a state of elongation along c axis, 
which is consistent with our previous discussion. With increasing growth temperature, we 
can notice the residual stress in the films decrease, which also explains the reason that the 
intensities increase and the FWHM decreases with the rising temperature. It is also worth 
noting that the calculated residual stress in the film deposited at 600°C is close to null, in 
agreement with the (002) peak position, which is very close to the standard value. 
powder and therefore the Zn0.98Mn0.02O 
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4.4 Optical Properties 
4.4.1 Room Temperature Photoluminescence  
The optical properties of the Zn Mn O thin films grown on silicon substrates by 
sputtering were also studied. Figure 4.16 shows the room temperature photoluminescence 
spectra for Zn Mn O with different Mn doping levels on silicon substrates with the Ar 
and O  flow rates of 230 and 60 sccm respectively, and the growth temperature was kept 
at 600°C. In the PL spectrum for un-doped ZnO (the black curve), a sharp peak at 3.288 





assigned to the first-order LO phonon replica of the near-band-edge emission. Meanwhile 
at the higher energy side of this LO phonon replica peak, a very weak shoulder at 3.359 
eV can also be seen, which is about 70 meV higher than the LO phonon replica peak, so 
this shoulder is believed to be attributed to the NBE emission. This observation is also 
consistent with the conclusion from the previous chapter that the NBE emission is 
dominated by the first LO phonon replica at room temperature due to intensive phonon 
assisted transitions. At the lower energy side of the main peak, some weak peaks due to 
the defect-related emissions can be observed. The possible origin of these defect related 
emissions was also presented and discussed in the previous chapter. At the higher energy 
side of the NBE emission peak, there are the multiple LO phonons, marked by the dashed 
box, which are related with simultaneous Raman excitation under 325 nm [21].
From Figure 4.16, it can also be clearly seen that with the increase in Mn doping level, 
the intensity of the NBE emission peak was suppressed greatly (see the red curve). This 
suppression of the peak is due to the increase of the defects in the thin films with more 
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Mn ions introduced into the ZnO matrix, which has already been discussed in the 
previous chapter. A slight blue shift of the first LO phonon replica peak can also be 
ably attributed to the Burstein-observed, as indicated by the dashed line, which is prob
Moss band filling effect. However, with further enhancement in the doping level, the 
NBE emission peak nearly disappears, shown as the green and blue curves.  
In the previous chapter, the PL measurements for hydrothermally grown Zn1-xMnxO 
nanorods were conducted and discussed. By comparing the doping level dependence of 
PL spectra for hydrothermally grown Zn1-xMnxO nanorods (see Figure 3.19) and 
sputtered Zn1-xMnxO thin films (see Figure 4.16), it can be clearly observed that with the 
increase in Mn concentration, the NBE emission peaks for both Zn1-xMnxO products drop, 
 
Figure 4.16 Room temperature PL spectra for Zn1-xMnxO thin film at different doping 
sccm respectively 
levels grown on silicon substrates at 600°C with the Ar and O2 flow rates of 230 and 60 
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which is attributed to the increasing defects in the host crystals with more incorporation 
of Mn ions, as discussed above. However, the emission peaks for Zn1-xMnxO films drop 
much more drastically than those for Zn1-xMnxO nanorods as Mn concentration increases. 
It can be concluded that the defects in the Zn1-xMnxO films were spawned greatly with 
the increment of Mn ions. As the sputtering deposition technique is a non-equilibrium 
process, the sputtered atoms do not have sufficient time to locate the low energy sites. 
Therefore, the lattice strains generated during the film growth will be much more than the 
quasi-equilibrium process, such as the hydrothermal method.  
In the contrast, metastable phases are commonly formed [22]. With dopant atoms 
introduced into the matrix crystal, the thermodynamic equilibrium will be further reduced 
due to the difference of the chemical states and the mismatch in ionic dimension. 
Therefore, with the increase in the Mn doping level in ZnO, the concentration of defects 
will increase largely in the form of strains, interstitials etc [24]. At the beginning of this 
chapter, the XPS results showed that Mn2+ underwent an oxidization reaction during the 
sintering process, and Mn ions with different chemical state were obtained, such as Mn3+ 
and Mn4+. All these Mn ions with different oxidation states have different radii than the 
host ion Zn2+, and Mn3+ and Mn4+ also have different chemical states. These differences 
in the ion size and in the chemical state result in the spawning of the defects in the crystal, 
thus quenching the NBE emission greatly.    
During the sputtering deposition method, thermodynamic equilibrium is seldom achieved 
for the thin films prepared due to the apparent kinetic limitation and high deposition rate. 
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4.4.2 UV-Visible Absorption 
Besides the photoluminescence measurement discussed above, the UV-Visible absorption 
was also performed for the Zn Mn O thin films of different doping levels to investigate 
their optical properties. Figure 4.17 shows the absorption spectra for the different Zn
Mn O thin films, which were grown on sapphire substrates, with the Ar and O  flow 
rates of 230 and 60 sccm respectively, and the growth temperature was kept at 600°C. A 
sharp absorption edge at around 3.3 eV can be observed for all thin films in this figure, 
but the absorption edge becomes less sharp with an increase in Mn content, which was 
a  Mn ions h
rrow peaks are attributed to the exciton 
absorption [23, 25] due to the large excition binding energy of ZnO. The excition binding 




also reported by other groups [27, 31]. The less sharpness of the absorption edge in doped 
ZnO could be explained by the extension of Mn states into the band gap of ZnO, which is 
probably due to the mutual work of Burstein-Moss effect and band tailing effect, as 
discussed in the previous chapter. With the incorporation of the dopant atoms, the 
electrons of the dopant could fill up the energy states in the conduction band or get into 
the band gap of the host crystal. Unlike the perfect or high-quality crystal in which the 
optical absorption occurs at certain wave length, the doped ZnO could absorb photons 
with a certain range of energy, thus forming a less sharp absorption edge. Besides, a 
slight blue-shift of the absorption edge can also be seen with increasing Mn content due 
to the Burstein-Moss effect. The development of states within the gap and the blue-shift 
clearly indic te that the ave entered the ZnO lattice. A narrow peak can also be 
seen in the absoption edge for un-doped ZnO, Zn0.99Mn0.01O and Zn0.98Mn0.02O films, as 
marked by the relevant arrows. These na
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lattice vibration energy (kT) at room temperature. Therefore, the exciton in ZnO is still 
stable at room temperature. However, form the figure, it can be clearly found that with 
the increase of the doping level, the excition peak tends to be lower, indicating the  
 
thin films on sapphire substrates with Ar and O
Figure 4.17 UV-Visible absorption curves of Zn1-xMnxO (x = 0, 0.01, 0.02, 0.05  and 0.1) 
respectively at 600°C 
2 flow rates at 230 and 60 sccm 
 
exciton absorption becomes weak. This could be explained by the increasing 
concentration of defects and strains generated at higher Mn doping levels, which possibly 
will capture the electron or hole in the excitons thus decomposing the excitions, further 
suppressing the exciton absorption. 
According the Tauc’s law, [26]
αhν = A (hν- Eg)1/2  
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Figure 4.18 Plot of (αhν)2 versus photon energy for Zn1-xMnxO thin films on sapphire 
substrates with Ar and O2 flow rates at 230 and 60 sccm respectively at 600°C 
 
 
Figure 4.19 Variation of band gap with the percentage of Zn1-xMnxO thin films on 
sapphire substrates with 2 flow rates at 230 and 60 sccm respectively at 600°C 
  
Ar and O
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whereαis the optical absorption coefficient and hυis the photon energy of the incident 
photon, A is a proportional constant. The direct band gap can be determined by this 
equation when the straight portion of the (αhν)2 against hν plot is extrapolated to 
intersect the energy axis at α= 0. Figure 4.18 shows the plot of (αhυ)2 vs hυ for the 
Zn1-xMnxO thin films with different x values. The variation of the band gap energy with 
Mn doping levels is shown in Figure 4.19. The Eg for un-doped ZnO thin film is ~3.28 
eV and with the slight growth of doping level a red shift of the band gap energy can be 
seen, Eg for Zn0.98Mn0.02O is around 40 meV lower than the un-doped ZnO. However, 
when the doping level increases further to x=0.5, we can see the band gap energy shift to 
higher energy again, and this blue shift remains until x=0.1. The initial decrease of the 
b , 
but the reason was not properly proposed, which may be attributed to a strong exchange 
interaction between the d electron of the Mn and the s and p electrons of the ZnO [28, 29].  
In this project, this observation can be explained by the XPS (see 4.2.1) and XRD (see 
4.2.2) results discussed previously. MnO underwent an oxidization process during the 
sintering process, whereby, part of the MnO was oxidized to Mn3O4 or MnO2. However, 
at very low doping level, it could be deduced from the XPS and XRD results that the 
doping of Mn gave rise to the expansion of the Zn1-xMnxO lattice because the (002) peak 
shifts to lower diffraction angle, which is responsible for the initial red shift of the band 
gap energy at low doping levels, according to the theoretically reported inverse relation 
between the energy gap and the lattice constant in a binary compound semiconductor [30]. 
N  
the atomic ratio for Mn4+ in the thin film (see XPS spectra), and an even smaller radius of 
and gap energy and followed by a blue shift were also reported by some groups [28, 29]
evertheless, with the further increment in the doping level of Mn, due to the increase of
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Mn4+, the lattice of Zn1-xMnxO started to shrink, which can be obtained from Figure 4.4. 
Therefore, a blue shift of the band gap energy could be expected, which properly explains 
the UV absorption results. 
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4.5 Comparison of These Two Growth Methods 
The sputtering technique is widely used for film deposition on semiconductor wafers in 
the semiconductor industry due to its simplicity, high yield, and the ability to produce 
uniform films in a large scale. Nevertheless, hydrothermal method also exhibits some 
advantages over sputtering including its low cost, low temperature required, and it also 
has the ability to make products in a large scale, but this method is still limited in the lab 
until now due to some defects of itself, such as the contaminated surface caused 
inevitably in the solution. 
The XRD results for all samples by both methods showed a ZnO (002) peak, indicating a 
c-axis orientation preference for all these nanorods and thin films. However, in this 
project, hydrothermal technique displayed more advantages over the sputtering method in 
terms of the optical properties of the products. The un-doped ZnO samples by these two 
growth methods both show apparent UV emission peaks. And after the incorporation of 
alien atoms Mn, the UV emission peaks decrease for all samples, but for the thin films 
deposited by sputtering, the UV peaks are suppressed greatly, and even disappear at high 
Mn doping levels, which is due to the defects caused by the introduction of Mn ions. 
Moreover, the sputtering method is a kind of non-equilibrium process due to its relatively 
high deposition rate, so the sputtered atoms do not have sufficient time to migrate to the 
lower energy site on the substrate. Thus, many strains would be introduced. Meanwhile, 
doping Mn into ZnO increases the strains greatly in the non-equilibrium deposition. For 
hydrothermal method, which is a quasi-equilibrium process, the atoms have enough time 
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to move to the lower energy sites in the moderate growth condition. Therefore, the strains 
could be largely decreased.  
as much higher than the hydrothermal temperature of 80°C. 
Besides, a change in the Mn chemical states in the sputtering deposited films was also 
observed, which has been seldom reported so far. This oxidization process was believed 
to take place during the sintering of targets at 1000°C due to the lower thermodynamical 
stability of Mn2+ than Mn ions with higher oxidization number. 
Lastly, the deposition temperatures for sputtering growth in this project ranged from 
300°C to 700°C, which w
However, the hydrothermally grown nanorods had much higher crystallinity than the 
sputtering-deposited films, which presents the advantages of hydrothermal technique.       
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5.1 Conclusions 
In order to realize manganese doped ZnO nanorods and thin films, two fabrication 
methods were applied in this project. The effects of different growth conditions on the 
structures and morphologies of these ZnO nanorods and thin films were studied. The 
influence of the ed. Both Mn 
doped nanorods nce, and the 
nanorods fabrica  into ZnO did 
not change the crystal structure of ZnO due to their low doping level. However, the 
lattice dimensions were slightly changed by the introduction of Mn due to the radii 
difference between Mn and Zn. In the sputtering deposition, the change of chemical 
states for Mn w  dimensions 
for different doping levels.  
In the hydrothermal growth, an increase in nanorods diameter was observed with 
increasing reagent concentrations, and a quasi-film was obtained with the further increase 
in reagent concentrations. The buffer layer deposited before the hydrothermal method 
was found to affect the diameter, alignment and density of the nanorods, complying that 
the three dimensional island growth mode operated. To study the optical properties of the 
nanorods, both UV-Visible absorption and photoluminescence measurements were 
conducted. The band gap energy was found to decrease with the growing Mn doping 
levels in the UV absorption measurement which was corresponding to the larger size of 
Mn2+. However, the UV emission peak was observed to blue shift due to the Burstein-
Moss band filling effect. Furthermore, the PL spectra were obtained at different 
 doping level of Mn on the properties was also investigat
 and doped thin films exhibited c-axis orientation prefere
ted with hexahedral morphology indicate the doping of Mn
as also observed, which was presented as a variation of lattice
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temperatures in order to study the temperature dependence of the optical properties of Mn 
doped ZnO. A red-shift of the UV emission peak was seen with the increasing 
temperature, which is attributed to the shrinkage of the band gap at lower temperatures. 
the possible mechanism for which was discussed. The position of the deep level emission 
he grain size also increased with the growth temperature, and 
the residual stress in the films was found to decrease at high temperatures. The UV-
optical properties of the deposited films. The UV emission spectra appeared to be 
in the target preparation. 
Deep level emission peaks were also observed in the PL spectra at different temperatures, 
peaks did not change with temperature, which was related with the different origins from 
that of the UV emission. 
For the films deposited by sputtering, the grain size was found to decrease with the 
increasing level of Mn doping, which was reported to be due to the Mn clusters formed at 
the grain boundary. The oxygen partial pressure was also found to relate with the grain 
size and the roughness of the surface, because the excess oxygen could help decrease the 
oxygen vacancies in ZnO. T
Visible absorption and room temperature PL measurements were employed to study the 
suppressed sharply with the increase in Mn doping level and even disappeared at high 
enough Mn content, which is induced by the sputtering technique itself due to its non-
equilibrium character. The band gap energy decreased at first and then increased with the 
increasing doping levels, which could be attributed to the change of Mn chemical states 
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5.2 Future work 
The investigation conducted into the morphology, structure and optical properties in this 
project allowed an understanding towards manganese doped zinc oxide prepared by 
hydrothermal and RF sputtering growth methods. However, future studies could be 
required, in order to have a more complete view of methods for producing doped ZnO 
and its detailed structure change after the incorporation of alien atoms.  
Due to its potential optoelectronic applications, the focus of the future studies on Mn 
doped ZnO should be put on its electric properties. Besides, the fabrication of p-type 
doped ZnO is still controversial until now, and it will remain a challenge to make stable 
p-type ZnO. Only after this issue is solved, can the application of ZnO in the 
optoelectronic field get greatly improved.  
Intrinsic room-temperature ferromagnetism in transition metals such as Mn doped ZnO 
has been theoretically predicted, and has also been experimentally verified. Nevertheless, 
the reports on the magnetic property of Mn doped ZnO still remain controversial, and the 
room-temperature ferromagnetism still needs to be experimentally confirmed on Mn 
doped ZnO fabricated by different methods.  
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